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One of the most important applications of the molecular beam maser is as 
microwave spectrometer with a very high resolving power. With their first 
'MASER' Gordon, Zeiger, and Townes (GOR 55, GOR 55a) could resolve the 
hyperfine components of the J=3,K=3 inversion line of ammonia at a frequen-
cy of 23.870 GHz. The observed half-width ' was about 3.5 kHz owing mainly 
to the elimination of the Doppler broadening by the high directivity of the 
molecules in the maser beam. This half-width is at least ten times smaller 
than the half-widths obtainable in conventional microwave spectroscopy. The 
problem of low intrinsic sensitivity of older (STR 54) molecular beam micro­
wave spectrometers was overcome by the application of electrostatic state 
selection. The high resolving power, about 7 χ 10 in case of the maser of 
Gordon et al. at the frequency of the (3,3) line, made possible investigation of 
intra-molecular interactions which were not accessible to conventional 
absorption spectroscopy. It is therefore rather surprising that only a very 
limiting use was made of the beam maser spectrometer in the period following 
the first investigations of Gordon et al. in 1954. The most important results 
were reported by Thaddeusetal.(THA64,THA 64a) who investigated a series 
of deuterated molecules. 
In this thesis are described investigations on the hyperflne structure of 
some rotational transitions in the deuterated water-like molecules HDO, 
D2O, and HDSe. The beam maser spectrometer used in these investigations 
was constructed following the original design of Thaddeus and Krisher (THA 
61). Application of beam modulation and phase sensitive detection resulted in 
a greatly improved sensitivity, which allowed detection of very weak transi­
tions. From the measured hyperfine spectra the values for the electric 
field gradient at thedeuteron and the spin-rotation coupling tensor at the pro-
· ) In the following'half-width'Stande for half of the Une width at half of its maximum Intensity. 
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ton and thedeuteron were determined. The experimental values of these con-
s tants a r e of importance for the investigation of the electronic s t ruc tu re of 
molecules . 
1.2. HYPERFINE STRUCTURE 
Hyperfine s t ruc tu re in the microwave spect ra of the molecules may be 
due to the interaction of the nuclear moments with the internal molecular 
fields. The molecular pa r ame te r s which can be determined from investiga-
tions of this hyperfine s t ruc tu re a r e general ly (1) the nuclear e lec t r ic qua-
drupole coupling constant (eqQ) and (2) the spin-rotat ion constant C. The 
experimental ly determined constants may be compared with the constants 
computed from available approximate molecular wave functions thus forming 
a sensi t ive test for the validity of the 'ab init io ' calculat ions. 
The first p a r a m e t e r (eq.Q) comes from the interaction of the nuclear 
e lec t r ic quadrupole moment with the internal molecular e l ec t r i c field. From 
the knowledge of (eqTQ) the gradient of the e lec t r ic field q , at a given nucleus 
can be calculated if the nuclear e lec t r ic quadrupole moment Q i s a l ready 
known from other measu remen t s . The quadrupole interaction in molecules 
gives r i s e to a hyperfine splitting which va r i e s typically from about 100kHz 
up to 10 MHz. These split t ings can be resolved very easily by conventional 
microwave spec t rome te r s whose limiting half-widths a r e generally of the 
o r d e r of 50 kHz. However, hyperfine s t ruc tu re due to quadrupole coupling of 
the deuteron is much sma l l e r and may vary from severa l hundreds down to 
a few tenths of kHz. It is therefore very difficult to reso lve with a conven-
tional spec t rome te r . As the quadrupole moment of the deuteron is very 
accura te ly known (AUF 61) the measured value of eqTQ allows accura te 
determination of the e lec t r i c field gradients in molecules involving hydrogen 
bonds. Unfortunately the deuteron coupling constant has been determined for 
only a few molecules . 
The first investigations on the hyperfine s t ruc tu re due to the deuteron 
quadrupole coupling were reported in 1955 by White (WHI 55) on DCCC1 and 
DCN, and by Weisbaum et a l . (WEI 55) on HDO. More recently r e su l t s were 
repor ted on HDO (THA 64, POS 57, POS 60, TRE 62), D 2 0 (POS 57, POS 60), 
HDS (THA 64) ,CHDO(THA64,FLY64) ,CD 2 0 (FLY 64) and NH2D (THA 64a). 
The accuracy of the exper imental values of thedeuteron quadrupole coupling 
constants depends strongly on the resolving power of the spec t rome te r which 
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was used. The most a c c u r a t e values were obtained by Thaddeus et a l . using 
a beam m a s e r s p e c t r o m e t e r . The accuracy of the quadrupole coupling con­
stant of the deuteron in HDO and HDS was 0,5 and 1%, respect ively . 
The spin-rotat ion constant a r i s e s from the interaction of the nuc lear mag­
net ic dipole moment with the internal molecular magnetic field. As the great 
majority of the molecules is in the ^Σ- e lectronic ground s ta te the molecular 
magnetic fields a r e very weak (TOW 55, chap. 8). By consequence the contr i­
bution of the spin-rotat ion interaction to the hyperfine energy is general ly 
s m a l l e r than the contribution of the deuteron quadrupole coupling. 
Spin-rotation interaction in '•Σ- molecules was f irst observed by Rabí (RAB 
39) in 1939, while investigating the hydrogen molecule using molecular beam 
techniques. Investigations with the aid of a conventional microwave spec t ro -
m e t e r were first published in 1949 by Gilbert et a l . (GIL 49). More recently 
measuremen t s using molecular beam techniques were repor ted , in par t i cu la r 
by Thaddeus et a l . who investigated a symmet r i c top molecules НЕЮ, HDS, 
CHDO and NHoD with a beam m a s e r s p e c t r o m e t e r . Very recent ly the spin-
rotation constants of H2S were determined by Huiszoon (HUI 66) using a 
molecular beam mi l l imeter wave s p e c t r o m e t e r of very high resolut ion. 
A complete s ta te of the a r t was given in 1966 by de Leeuw (DEL 66). 
1.3. THE BEAM MASER SPECTROMETER 
The use of molecular beams to reduce Doppler broadening, which d e t e r ­
mines the ult imate resolution m conventional microwave spectroscopy, is 
well recognized. By taking the direction of the molecular beam perpendicular 
to the direct ion of propagation of the e lectromagnet ic radiat ion the Doppler 
broadening i s pract ica l ly el iminated. In this case the linewidth Δν is d e t e r ­
mined by the t ime At the molecule spends in the radiation field. 
Δν = l/At. 
Though the use of molecular beams was repor ted already in the ear ly days 
of microwave spectroscopy (JOH 52, STR 54) all s p e c t r o m e t e r s using this 
technique suffered of low sensitivity and found litt le application. The f irst 
molecular beam s p e c t r o m e t e r to overcome this l imitation in sensit ivity 
was the ammonia beam m a s e r of Gordon, Zeiger, and Townes (GOR 55). The 
improved sensit ivity was obtained by the use of e lec t ros ta t ic s ta te select ion. 
Λ schemat ic d iagram of the beam m a s e r is shown m Fig. 1.1. 
The molecules emerging from the channels of a Z a c h a n a s oven pass 
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Fig. 1-1. Schematic diagram of a beam maser showing effueer, state selector, and microwave 
cavity. 
through an electrostatic state selector before interaction occurs with elec­
tromagnetic radiation in a microwave cavity. In the state selector consisting 
of a uniform electrostatic octupole a force F is exerted on the molecules. 
The radial component of this force is given by: 
dW ЭЕ /r\ _ ЭЕ 
F a w . ЭЕ (rv ЭЕ px 
г
 ЭЕ ar Ы
 e t r
· ar Ir/ 
(1-1) 
Herein W is the Stark-energy of the molecules in the electric field, r is the 
distance from the axis, and E is the strength of the electric octupole field 
àE for which 3— >o is a function only of r. As further μ „ > о or < o , depending 
on the quantum-state | J,M A molecules in certain states will be removed 
from the beam while molecules in other states are more likely to enter the 
microwave cavity. 
It can easily be shown that state selection may give an enormous increase 
in sensitivity of a beam spectrometer. Quite generally sensitivity is propor­
tional to the power absorbed or emitted by the beam. For a molecular 
transition from a state with energy W, to a state with energy W2 > W, this 
power is given by: 
ΔΡ =ANhvA12, 
with hv = W 2 -W 1 , 
(1-2) 
where Α.- is the transition probability induced by the radition field, and ΔΝ 
is the difference in population of the two energy levels involved in the transi­
tion. 
In the absence of any state selection the molecules of the beam may 
assumed to be distributed over the available energy levels according to the 
Boltzmann distribution. Then it follows that 
A N = N 1 ( l - e - h v A T ) (1-3) 
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where Ν, is the population of the lower state. 
For a molecular beam at room temperature and a transition in the microwave 
region hv<3c kT and: 
Δ Ν = Ν 1 ( ^ : ) (1-4) 
In the case of v=10GHz and Τ = 300οΚ the factor hv/kT amounts to 1/600. 
Thus only 1/600 of the molecules in the lower (or upper) state contribute 
effectively to the absorption (or emission). 
When state selection is applied in an ideal situation all molecules for 
example of the upper state are removed from the beam thus leading (see Eq. 
(1-3)) to ΔΝ = N | . It is clear from Eq. (1-4) that state selection becomes more 
important at lower microwave frequencies. On the other hand when hv/kT 
becomes comparable to unity, state selection is of little use. 
The electrostatic state selection is generally possible only for molecules 
in rotational states whose Stark effect satisfies certain, rather stringent, 
requirements. This is apparently the most serious limitation to the applica­
bility of the beam maser spectrometer. Fortunately there is a great number 
of transitions which can be investigated. The Stark effect of the ammonia 
inversion levels is particularly favorable for state selection because these 
levels may be considered as two isolated 'interacting' levels (TOW 55). 
A K-doublet in slightly asymmetric tops may also be considered as an isolated 
pair of levels. This kind of transition occurs in HDO, HDS, and CHDO, whose 
hyperfine structure was investigated by Thaddeus, Krisher, and Loubser 
(THA 64). However, not all the transitions favorable for investigation with a 
beam maser spectrometer have to belong to this class of levels. Marcuse 
(MAR 61) reported maser operation on the J = l-»0 rotational transition of 
the linear molecule HCN. Murina and Prokhorov (MUR 63) observed the 
hyperfine structure of the same rotational transition in the symmetric top 
molecule CHoCl. Many other molecules may expected to have transitions, 
which are favorable for state selection, especially the asymmetric top mole­




THE BEAM MASER SPECTROMETER 
2.1. INTRODUCTION 
In its original lay-out the present beam maser spectrometer was a replica 
of the design of Thaddeus and Krisher (THA 61). With the original single 
klystron superheterodyne detection system it was possible to observe the 
hyperfine structure of the l-o'^l rotational transition in HDO. For the strong-
est line in the spectrum a signal to noise ratio of about 30 was observed. 
By replacing the single klystron system by a two klystron one (separate 
signal- and local oscillator) the signal to noise ratio of the HDO line improved 
to about 40. With this detection system the hyperfine spectrum of the 'i^'^-l 
rotational transition of DoO could also be observed, but the signal to noise 
ratio was only about 10 for the strongest line. In the spectrum of the 22-2^ 
rotational transition of HDSe only one line was observed with a signal to 
noise ratio of about four. 
At this stage of investigation phase sensitive detection was introduced in 
order to increase sensitivity. The required modulation of the microwave 
signal power was achieved by mechanical chopping of the beam. A method 
was developed for sweeping the klystron frequency at any desired rate while 
keeping the cavity resonance frequency matched to the frequency of the signal 
klystron. 
Application of phase sensitive detection in combination with long time 
constants increased the sensitivity by a factor of about 100. 
2.2. THE MOLECULAR BEAM MASER 
A schematic diagram of the molecular beam maser is shown in Fig. 2-1. 
The gas is maintained at a certain pressure in the storage volume (S^), from 
which the molecules emerge through the channels of a Zacharias effuser (E) 
into thehigh vacuum chamber. Molecules which leave the effuser in the proper 
direction, travel through the electric state selector (F) and the microwave 
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to microwave system 
= bowden-wire 
= microwave cavity 
= chopper-wheel 
= effuser 
- state selector 
= water jacket 
Κ,Κ^ liquid nitrogen traps 
M = differential manometer 
S, = storage volume 
S2 = source chamber 
Ρ = pumping unit 
V = needle valve 
Fig. 2-1. Schematic diagram of the molecular beam maser. 
cavity (C) and are trapped by the liquid nitrogen condenser (K2). The other 
molecules are captured by one of the liquid nitrogen traps (K^ and K2) or 
pumped away. 
The pressure of the gas in the storage volume is reduced with the needle 
valve (V) to a few Torr in the source chamber (S2) for an optimum beam. 
Pressures can be read off on the differential manometer (M), which is filled 
with high vacuum silicone oil. 
A final pressure of a few times IO"? Torr was achieved with the 600 1/sec. 
oil diffusion pump (P) and all liquid nitrogen traps filled. The pressure did 
not increase above 10"" Torr, even during very long (hours) runs. At this 
pressures and at room temperature the mean free paths of the molecules 
vary from 10^ to 104 cm. As the molecules have to traverse a distance of 
about 75 cm attenuation of the beam is negligible. 
2.2.1. Source and Intensity Distribution 
Channel effusers of various types have been described in literature (GIO 
60; ВЕС 61, 62). The Zacharias effuser used in the present beam spectro­
meter had a length of 6 mm and a diameter of about 12 mm. The cross-
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Fig. 2-2. Cross-section of the channels of the Zachariae effuser. 
sectional dimensions of the channels are shown in Fig. 2-2. The estimated 
transparency was about 50 per cent. 
In order to calculate the number of molecules which leave the effuser in 
the proper direction, the intensity distribution of the molecules and the 
acceptance angle e
o
 of the state selector must be known. An expression for 
the intensity distribution ofthe molecular flow through one tube of a Zacharias 
effuser was derived by Giordmiane and Wang(GIO60). From this expression 
it follows that for small values of θ the total number of molecules leaving 
the effuser channel within this angle is given by: 
2 
N l ( 0 o > = ä ( N ^ v ) * (2-1) 
where a, v, and a is the effective tube radius, the average velocity of the 
molecules in the beam and the molecular diameter, respectively, while N^ 
is the total molecular flow through one tube of the effuser. 
The value of N^ was obtained by dividing the total molecular flow through 
the effuser, N, by the number of channels, which was estimated as 4000. The 
total molecular flow of D2O molecules through the effuser, N(D20), was 
determined as a function of the source-pressure ρ by measuring the leakage 
of the gas through the effuser into the high vacuum tank. From the resulting 
graph in Fig.2-3 and the valueofp = 0.7 Torr, which was used in the case of 
D2O, it followed: N ^ O ) = 4.3 χ 10 1 8 molecules s e c - 1 . 
In case of HDO the same values of source pressure and total molecular flow 
were used. For HDSe a source pressure of 2.7 Torr gave a value of N(HDSe) 
1 Ο ι 
= 8.5 χ 10 molecules s e c . " 1 . 
The values of the molecular diameter σ were taken from the tables of 
Landolt and Bömstein(LAN 50p. 369). For HDO, D2O, and HDSe the available 
values at 2930K of σ(Η2θ) = 4.59 Â and o ^ S e ) = 4.99 Â were used. 
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pressure (in TorrJ 
Fig. 2-3. Total molecular now of D2O molecules through the Zacharias effuser as a function 
of the source pressure. 
2.2.2. State Selector and Acceptance Angle 
The octupole state selector was made of eight well polished stainless steel 
rods, 25 cm long and 2 mm in diameter. The rods were fixed at either end 
on a glass ring with 'Torr Seal' to form a cylindrical array with an inside 
diameter of about 20 mm. 
The state selector was connected to a 50 kV high voltage supply by an 
especially designed feed-through and a 40 Mz resistor which limits the cur­
rent in case of breakdown. During the actual operation of the beam maser the 
state selector could support a potential up to about 30 kV. The resistor and 
the connection from the high voltage supply to the feed-through had to be 
immersed in oil to prevent spray discharge. 






(2-2) 2 Rn " o 
where r is the distance from the axis of the state selector, R is the radius 
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of the state selector, U 0 is the voltage between two neighbouring rods, and 
ρ = ?• is the number of poles. For the present state selector R = 0.6 cm and 




R 100 kV/cm. 
The acceptance angle of the state selector varies slightly for molecules 
leaving the effuser from different channels. This implies that the acceptance 
angle should be calculated for each channel separately. As this is highly im­
practical we assumed for all channels an average acceptance angle θ 0 equal 
to the acceptance of the central channel. With this assumption e
o
 may be 




vm = [|{W(R)-W(0)}]" 
(2-3) 
(2-4) 
is the maximum transverse velocity (relative to the axis) for which the 
molecules will be held in the state selector, and· v 0 is the most probable 
velocity of the molecules in the direction of the beam; {w(R) - W(O)} is the 
Stark-energy of the molecules in the electric field at the surface of the rods, 
and m is the molecular mass. 
As the relevant rotational levels of HDO and HDSe may be considered as 
isolated pairs of levels (see also chap. 4) their Stark energy was calculated 
from the well known expressions given by Townes (TOW 55, Chap. 10). In 
the case of D2O the Stark energy was calculated by means of a higher order 
perturbation method (MIZ 63, BLU 64). The values of θ 0 were calculated for 
the M = 0,1, 2 states of the 22 rotational level of НЕЮ and HDSe, and of the 


















Table 2-1. Values of the acceptance angles θ for the M = 0,1, 2 states of the 2- rotational 
level of HDO and HDSe, and of the 3
 2 level of DjO. 
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of НЕЮ and HDSe the Stark energy is zero the acceptance angle was cal­
culated from the relation tan θ = r/d, where r is the radius of the exit hole 
of the microwave cavity and d is the distance from the effuser to the end of 
the cavity. 
From expressions (2-2) and (2-4) and from the fact that for HDO and HDSe 
the Stark-energy W is proportional to the electric field strength E, it can be 
shown that deviations of the value of θ 0 for molecules leaving the effuser 
from channels at a distance of r =3/4 R from the axis, amount to about 25%. 
2.2.3. Microwave Cavity and Lmewidth 
The cavity of the maser was a cylindrical reflection-type cavity resonating 
in the T M o i O " m o d e · This mode was excited from the waveguide by a single 
coupling hole in the middle of the cylindrical cavity wall. The resonance 
frequency f of such a cavity is determined by its diameter (MON 47, p. 297)· 
f = 2.405 -^- (2-5) 
where D is the diameter of the cavity and с is the velocity of light. The 
various cavities used for the present experiments were made by turning out 
a copper tube on a lathe to within 0.05 mm. of the calculated diameter. The 
diameter was then increased by polishing untili the resonance frequency was 
about 5 MHz. above the desired value. 
As the resonance frequency is inversely proportional to the diameter of the 
cavity the final tuning can be performed thermally. To this end the cavity was 
surrounded by a copper jacket (see Fig. 2-4), trough which water was pumped 
at a rate of 7.5 1/min. The temperature of the water was regulated by a 
thermostat to within 0.02oC. From measurements of the resonance frequency 
as a function of the temperature it was found that a change in the temperature 
of 10C. corresponds to a change in the resonance frequency of about 200 kHz. 
Thus the temperature fluctuations of 0.02oC. implies uncertainty in the reso­
nance frequency of the cavity of about 4 kHz. 
The cavities were closed at both ends with caps provided with holes for 
beam transmission. The diameters of these holes were chosen to be about 
half of the internal diameter of the cavities. The resonance frequency of the 
cavity is then well below the cutoff frequency of these holes, so that power 
leakage may be expected to be negligible. 
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Fig. 2-4. The microwave cavity surrounded by a copper jacket, through which water can be 
circulated. 
The quality factor Q of a loaded cavity is given by the relation, 
1/Q = 1/Q0 + 1/QC (2-6) 
where Q and Q c are the quality factors arising from wall and coupling losses, 
respectively. It was shown by Thaddeus and Krisher (THA 61) that optimum 
coupling is achieved when 
Qc = 3 · 7 3 Qo (2-7) 
The diameter of the coupling hole was increased gradually untili optimum 
coupling was achieved, usually at a diameter of 6 to 7 mm. For the different 
cavities which were used the values of Q varied from 11000 to 13000, depend-
ing mainly on the diameter of the cavity. It can be shown (MON 47, p. 301) 
that the Q of a cavity which resonates in the TMQI Q-mode is practically 
independent of its length L. 
Assuming that the molecules travel parallel to the axis of the cavity the 
line width can be calculated by means of a Fourier analysis of the electric 
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field 'seen' by the molecules. From such calculations (HEU 67) it was found that 
where v 0 = T-J* 1/ is the most probable velocity of the molecules in the 
beam. Cavities of various lengths were used. The longest cavity with L = 
30 cm was used for the measurements on HDSe and resulted in half-widths 
of about 0.75 kHz. A half-width of about 2kHz was observed in a cavity of 
12 cm length used for the same molecule. The corresponding values calcu­
lated from (Eq. 2-8) were 0.5 and 1.25 kHz respectively, taking ν = 3 χ IO4 
-1 
cm.sec . 
Trapping of the molecular beam inside the cavity was negligible as indi­
cated by the narrow line widths and practically the same sensitivity obtained 
with the long and short cavities. 
2.3. THE MICROWAVE RECEIVER 
2.3.1. The Superheterodyne Detection System 
Q 
To avoid power saturation effects signal power levels of about 10 to 
10" Watt had to be used. At these power levels power conversion gain of the 
crystal detector is very low resulting in poor overall sensitivity. The diffi­
culty can be overcome by using the superheterodyne detection scheme shown 
in Fig. 2-5. 
The output of the signal oscillator( SO )-klystron, whose frequency will be 
called f0, was fed to the microwave cavity by way of two calibrated variable 
attenuators and a 20 dB directional coupler. Total attenuation was high 
enough to cut down the 100 mW output of the klystron to below the saturation 
level even of the strongest lines. The S O-power reflected from the cavity 
was mixed in the mixer crystal (1N23B Sylvania) with the output power of 
the local oscillator (L O) - klystron operating at a frequency of f0 + 30 MHz. 
The L O-power at the mixer could be adjusted to an optimum level of about 
0.5 mW by a 0-40 dB variable attenuator. Amplification at the intermediate 
frequency of 30 MHz was performed by a low noise preamplifier (Airborne 
Instruments Laboratory), with a noise figure of 1.5 dB and a bandwidth of 
about 2.1 MHz, followed by a five stage amplifier. After demodulation by an 
1N67 crystal rectifier the signal was fed to the input of a double beam oscil­
loscope by way of the videoamplifier and a 5 kHz low-pass filter. 
22 
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In order to observe the hyperfine spectrum on the screen of the oscillo-
scope, the S O-klystron frequency was swept with a 50 Hz sine wave voltage 
applied to the reflector of the L O-klystron, whose frequency was coupled 
to the frequency of the S O-klystron. At a typical sweep range of 2 MHz the 
sweep rate was 10^ Hzs - 1 . For weak lines the phase sensitive method (sect. 
2.3.2) had to be used. The signal was fed to the lock-in amplifier and the 
recorder. The whole spectrum could then be recorded at a slow sweep rate 
(250 Hzs" ) allowing higher sensitivity and more accurate frequency measure-
ments (sect. 2.3.3). 
The coupling of the two klystron frequencies was effected by the following 
procedure. A fraction of the amplified 30 MHz signal was taken off just 
before the 1N67 crystal rectifier and fed to a Schomandl type FDS-30 syn-
criminator, where it was phase-locked to a 30 MHz reference signal. The 
latter signal was obtained by multiplication of the 10 MHz output of the Gene-
ral Radio frequency generator. 
Reflector voltages, beam- and filament currents for the Varian X-13 type 
klystrons were supplied by a set of power supplies built in the electronic 
workshop of the laboratory. An oil-bath took care of cooling and temperature 
stabilization of the klystrons. 
2.3.2. The Phase Sensitive Detection System 
The very large effective bandwidth of the superheterodyne detection scheme 
allowed observation of only very strong hyperfine transitions. Reduction of 
bandwidth as a means of increasing sensitivity can be effectively applied 
only in combination with phase sensitive demodulation. The principle of phase 
sensitive detection is well known. A signal containing the desired information 
is amplitude modulated by some means. The resulting amplitude modulated 
signal is applied together with a reference signal at the modulation frequency 
to a gating device. Only signals having the same frequency and phase as the 
reference signal contribute to the output of the detector. 
In the present spectrometer the required signal modulation was achieved 
by mechanical chopping of the beam. The beam chopper consisted of a 
circular teflon disk with eight radial slots, of which the width was equal to 
the diameter of the effuser. The chopper wheel was connected to a synchro-
nous motor by a rotating high vacuum feedthrough and a Bowden wire. At 
900 revolutions per minute the modulation frequency of the beam was 120 Hz. 
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Outside the vacuum system another wheel provided with eight holes and 
connected to the Bowden wire was used for modulation of a light beam falling 
on a photocell. The 120 pulses per second produced by the photocell were 
amplified and shaped into a 120 Hz square wave, which served as a reference 
signal for the Electronic Missiles (type RJB) lock-in amplifier. This refer-
ence signal was fed to the detector through a phase shifter. The modulated 
output of the videoamplifier was first amplified in a narrow band selective 
amplifier and then applied to a phase sensitive detector. The time constants 
of the low-pass filter following the phase sensitive detector could be chosen 
up to a maximum value of 30 sec. 
The long time constants used in the present experiments required slow 
sweep rates in order to avoid line distortion. The L O-klystron frequency f 
was coupled to a frequency f0 + 30 MHz. This frequency was obtained from 
the General Radio frequency generator and the 0.1 - 31 MHz variable Scho-
mandl oscillator (sect. 2.3.3). By tuning the variable oscillator with an Hal-
strup motor both the L O - and the S O-klystron could be swept with any 
velocity. 
With the phase sensitive detection method effective noise band widths of 1 Hz 
can easily be obtained. Compared to the bandwidths of 10 to 100 kHz of the 
'video' scheme an improvement by a factor of about 100 may be expected. The 
measured signal to noise ratio of the main spectral line in HDO was about 
4000 with phase sensitive detection using an effective bandwidth of 1 Hz. With 
the video scheme it was about 40. 
The use of slow sweep rates allowed recording of the hyperfine spectrum 
together with frequency markers put along the trace. Determination of the 
line frequencies, which could be read off on a frequency counter (Hewlett and 
Packard, SL5253) was thereby considerably improved. 
To avoid distortion of the spectral lines due to dispersion effects (GOR 55) 
the S O-klystron - and the cavity resonance frequency must coincide as well 
as possible during the recording. This was achieved by adjusting the thermo-
stat (sect. 2.2.3) and herewith also the resonance frequency of the cavity by 
means of another Halstrup motor. When the rotational velocities of both Hal-
strup motors were matched the klystron- and cavity resonance frequencies 
followed each other to within about 4kHz. This accuracy was good enough to 
make dispersion effects negligible. 
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2.3.3. Frequency Measurement 
Measurement of the frequencies of the spectral lines when displayed on the 
screen of the oscilloscope was performed in the following way. The 100 MHz 
and 1000 MHz output signals of the General Radio frequency multiplier (type 
1112A and -B) were applied to a multiplier crystal together with the output 
of a 100 kHz to 30 MHz variable oscillator (Schomandl). The high frequency 
spectrum generated in this way was mixed with the output of the L O-klystron 
on the 1N23B mixer crystal. The resulting 30 MHz beat frequency was fed to 
a Philips communication receiver, whose output was connected to the second 
channel of the double beam oscilloscope. While the klystron was swept a 
marker appeared on the screen every time its frequency differed by 30 MHz 
from a frequency generated on the multiplier crystal. By tuning the frequency 
of the variable oscillator markers corresponding to any arbitrary frequency 
could be generated. 
The accuracy of the method was determined by the accuracy of the fre-
quencies generated by the (General Radio) frequency multipliers and the 
variable oscillator, and by the bandwith of the communication receiver which 
determined the width of the marker pip. As the frequencies generated by the 
General Radio were phase locked to a multiple of the 100 kHz frequency 
standard of the laboratory, their stability was a few times IO - 1 0 per day. 
The output of the variable oscillator had a stability of better than 10 Hz. It 
can be seen from Fig. 2-6 showing a hyperfine transition in D2O together with 
a frequency marker, that both marker pip and spectral line have roughly the 
same width of about 5 kHz. In consequence frequencies could be determined 
in this way only to within about 0.5 kHz. 
Fig. 2-6. Line in the hyperfine spectrum of the 3 , - 2« rotational transition of DnO together 
with a frequency marker. 
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2.4. THE SENSITIVITY OF THE SPECTROMETER 
Theoretical expressions for the sensitivity of a beam maser spectrometer 
have been derived by several authors (GOR 55, SHI 56), The special case of 
a beam spectrometer with reflection type cavity was treated by Thaddeus and 
Krisher (THA 61). 
Assuming optimum coupling Eq, (2-7) and neglecting hyperfine structure, 
the signal (S) to noise (N) ratio for a rotational transition is: 
ì = 0.65n.h( v o Q L f sin2(W/Wc)^ ( 2 . 9 ) 
N UkTFAf/
 w i 
where (SLA 57): 
2 
W = j L (Su P, (2-10) 
* v „ VQ I 1 
о ^ с 
represents the energy stored in the cavity at a given input power Pj, whilst 
ε 0 h
2Av2 
W. = —¡ ί ο - (2-11) 
c
 2π|(1ΙμΙ2)ΚΕ 
is a parameter, which has the dimension of energy. The remaining quantities 
in Eqs, (2-9, 10 and 11) are: 
v0= the resonance frequency of the rotational transition, 
η = П2 - п^, where П2 and η, are the numbers of molecules in the 
upper and lower state, respectively, passing the cavity per second, 
A and L = the cross-sectional area and the length of the microwave cavity, 
respectively, 
v 0 = the most probable velocity of the molecules in the beam, 
(1 | μ | 2) = the electric dipole moment matrix element, 
F, Δ f = the overall noise figure and the effective bandwidth of the micro­
wave receiver, respectively, 
Τ = temperature of the crystal detector. 
The overall noise figure F of a superheterodyne receiver depends mainly 
on the quality of the crystal mixer, the power level of the local oscillator, 
and on the noise figure of the first stage of the intermediate frequency ampli­
fier. In the present case F did not depend on the signal power because of low 
( I 0 " 9 t o l 0 " l l W) power levels,The overall noise figure was calculated from 
(TOR 48, p. 30): 
F - M t - l + F i . f ) (2-12) 
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where L and t are the power conversion loss and the noise temperature of 
the crystal mixer, respectively, and F- * is the noise figure of the 30 MHz 
preamplifier. 
As for the Airborne Instr. amplifier Fj_f = 1.6 dB and the 1N23B (Sylvania) 
crystal mixers had values of L = 4.5 and t = 2.7 the overall noise figure of F = 
10 was found. 
It can be shown (SHI 56, THA 61) that maximum sensitivity is achieved when 
the inputpower Pj is so adjusted that: 
W = 1.35 W
c
 (2-13) 
With the expression (2-13) the maximum signal to noise ratio follows then 
from Eq. (2-9) as 
І = 1 . 3 * ( V O Q L L \ !1(1 |μ |2) (2-14) 
Nmax. 4 kTFAfA/ v0 
From the expression (2-14) the minimum number of detectable molecules 
n
min w a s calculated for the case of the 22 - 2, rotational transition of HDO. 
With the values: 
L = 0.2 m v 0 = 1.03 χ I O
1 0
 Hz 
Q L = IO4 F = 10 
v0= 6.2 χ IO
2
 m s e c "
1
 Δί = IHz 
A = 3.14 χ 10- 4 m 2 Τ = 300οΚ, 
and assuming that (1 |μ |2) = 1 0 " 1 8 e.s.u. Eq. (2-15) yields: 
ο 1 
n
min = *•·*• x 10 molec.sec. 
The input power Pi which is required for maximum sensitivity was cal­
culated from Eqs. (2-10 and 2-11): 
Pj (max.) = 1.2 χ I O - 1 1 W. 
When Ρ- >P; ^max) then W>1.35WC and sensitivity decreases. This is cal­
led saturation. From the expression (2-9) it follows that in the case of hyper-
fine structure the individual hyperfine transitions saturate at different power 
levels. 
The number η
 t of molecules, which are expected to enter the cavity per 
second, was calculated. Therefore expression (2-1) was used after multipli­
cation by 4000, the estimated number of channels of the effuser, and by f j , 
the fraction of molecules in the particular rotational state. With the expres­
sion for f τ as given by Townes (TOW 55 p.100) it was found that for the case 
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of the 22 rotational state of HDO 
1 λ -1 
η . . , . = 1.4 χ IO molec.sec . 
From n
a
 and η one expects a signal to noise ratio of ^ = 1.2 χ IO5. 
For the strongest line in the hyperfine spectrum of HDO the measured value 
was jq = 4 χ 10 . To explain this discrepancy it should be mentioned that 
the number of molecules, which effectively contributes to the signal, depends 
not only on η„_
Γ
 but also on the extent to which the two states are separated act. 
by the state selector. Furthermore it should be noted that expression (2-1) 
was derived under the assumption that the source channel is placed on the 
axis of the state selector. In practice, however, the effuser has an extended 
geometry with a diameter comparable to the diameter of the state selector. 
Therefore, not all molecules within the acceptance angle
 0 are deflected so 
that they enter the cavity. Both the geometric and the dynamical effect ex­
plain that only about 1/30 of the ideally calculated number of molecules in 
the required state, η , contributes effectively to the signal. In the case 
of a non-selected beam of НЕЮ molecules the number of molecules which 
effectively contributes to the signal is given by 1/600 of the number of mole­
cules in the required state (sect. 1.3). This means that state selection 




CALCULATION OF THE HYPERFINE STRUCTURE IN 
THE ROTATIONAL SPECTRA OF HDO HDSe AND D 2 0 . 
3.1 THE HAMILTONIAN 
Interpretation of the hyperfine structure in the rotational spectra of the 
1Σ molecules HDO, HDSe and D2O was obtained starting from the Hamiltonian 
first given by Gunther-Mohr, Townes, and Van Vleck;(GUN 54, see also POS 
58 and THA 64). In the rigid rotator approximation the Hamiltonian (in short­




e l + Hvib + H r o t + H e r + H Q + H i . j + H i . i (3-1) 
The first three terms of Eq. (3-1) represent the electronic, the vibrational 
and the rotational energy of the molecule, respectively. These terms do not 
contribute to hyperfine enefgy. The term H
e r
 represents coupling between 
electronic motion and molecular rotation. Interaction of the electric quadru-
pole moments of the nuclei with the internal electrostatic fields in the mole­
cule is described by the term HQ while Ητ j gives the interaction energy of 
the nuclear magnetic dipole moments with magnetic fields arising from 
nuclear and electronic motion. The last term Щ ¡describes the direct inter-
action between nuclear magnetic dipole moments. It should be noted that the 
effect of vibration rotation coupling on the hyperfine structure is disregarded 
in the following (rigid rotator approximation). 
The first step in determination of the hyperfine energies is the calculation 
of matrix elements of the Hamiltonian Η of Eq. (3-1). The characteristic 
energies arising from the first three terms of H, which form the main part 
of the total energy, may be considered as the unperturbed energies. The 
corresponding levels are characterized by the symbols n,v and J describing 
the electronic, the vibrational, and the rotational part of the wavefunction, 
respectively. 
Coupling between electronic motion and nuclear rotation results in partial 
excitation of the valence electrons (TOW 55 p. 207). This has important 
consequences when averaging the hyperfine Hamiltonians H Q , H¡ J and H[ j 
over the rotational, vibrational and electronic wave functions. 
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The Hamiltonians H Q , HT J and Η. , involve nuclear spin operators Ijç, 
the molecular angular momentum J and (Cartesian) tensors of rank two 
formed from electronic and nuclear coordinates. When calculating hyperfine 
energies the latter tensors must be averaged over the rotational, vibrational 
and electronic wavefunctions. Averaging over the vibrational wavefunctions 
is accomplished simply by assuming that all nuclear distances are equili-
brium distances. Averaging over the rotational wavefunctions will be carried 
out in the following sections. Averaging over the electronic part of the wave-
functions is not performed explicitly. So all quantities which appear in the 
hyperfine Hamiltonians and contain the electronic positions are averaged 
over the electronic ground state wavefunction. For instance, HQ contains the 
second derivative of the electrostatic potential V at the place of a nucleus 
(see Eq. 3-9). This potential is obtained by averaging the nuclear and elec-
tronic positions, where in the latter case use is made of the electronic 
ground state wavefunction. 
The hyperfine interaction term Hi
 T can be split into two parts: the nuclear 
M F 
contribution Hj j and the electronic contribution H. j . The latter contri-
bution, being proportional to the electronic angular momentum operator, 
vanishes by averaging over the non degenerate electronic ground state wave-
function. (MES 62 p. 581). However, a second order contribution of Η.
 T 
mixed with the strong electronic rotational interaction term H
e r
 is of the 
same order as the first order contribution of Η. , . When only the electronic 
part of the unperturbed wavefunctions is taken into account this second order 
contribution is of the form (TOW 55 p. 210): 
( О І Н ^ І п ) ( п І Н
е г
І О ) + ( О І Н
е г
І п ) ( п І Н ^ І О ) 
n>o W0 - Wn 
Summation is over the excited electronic states In). 
Finally, from the foregoing procedure three first order contributions H Q . 
Ν E 
H.
 T and Н, ., and one second order contribution containing H. T and Η are 
obtained. Calculation of the matrix elements of these hyperfine interactions 
with respect to the spin- and rotational states of the molecule will be shown 
explicitly in the following sections. 
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3.2 THE ELECTRIC QUADRUPOLE INTERACTION TERM HQ 
The Hamiltonianofthe electric quadrupole interaction of the k-th molecular 
nucleus can be written as a scalar product: 
HQ = (V(2>. gì2)) (3-2) 




с ( 2 , < *і
к
> (3"3> 
where Q* ' represents the nuclear electric quadrupole moment tensor and 
\Л ' the tensor of the electric field gradient at the nucleus in question arising 
from electronic and nuclear charges of the molecule, while г.. and г.. stand 
for; 
rjk = lV?kl 
r ik = l ? i - ? k l 
Herein f., r. and r. are the radius vectors of the j-th charge external to the j ι к 
nucleus, of the i-th proton and the centre of the k-th nucleus, respectively, 
all refered to the molecular centre of mass. The angles ( -
к
, Ф^ ) and ( θ / , 
Φ .. ) are the polar coordinates of the radius vectors г., and r. , , respectively. 
The components of the spherical tensor О ' are defined in Ref. (EDM 60, 
p. 25). 
The matrix elements of the Hamiltonian R-, were evaluated for the transi­
tions in the waterlike molecules HDO, HDSe and D2O using operator techni­
ques of Racah (JUD 63, EDM 60). 
3.2.1 Matrix elements for HDO and HDSe 
In case of HDO and HDSe the appropriate representation is 
I ( J T I D ) F 1 I H F M F ) (3-4) 
with 
J + I D = F j and Fl + I H = F 
where TD and TH refer to the spin of the deuteron (1=1) and the proton (I=ä), 
respectively. The total angular momentum F of the molecule takes the 
values Fj^  + IH, F^ + I H - 1 iFj^ - I H | . The intermediate quantum num-
ber Fj takes the values J + ID, J + ID - 1 , I J - I | . 
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The matrix elements of HQ can be readily written down from the theorems 
given in Ref. (JUD 63, chap. 3): 
(( Ы ^ Н ^ Р ' V <JTID>FÍ lHF M F ) = 
= ^ - ) F " M ( - F M F O M F ) ( ( V D ^ I ^ F I I {V(2) Q (2)} {0)\\(WFVHF) 
(-) lu+F+J+I н
 ^-^^ВДІУоМ" 
xíJ , ν' (2) Il J 
τ) do II Q ( 2 ) Il W 
2[3X(X-l)-4I D (I D +l)(J+l) j ] 
[(2ID-1)2ID(2ID+1) (2ID+2) (2ID+3) (2J-1)2J(2J+1) (2J+2) (2J+3)j à 
/(2) x(J T I IV^ | | J T ) ( I D I IQ^MlI D ) (2) (3-5) 
where X = ID(ID+1) + J(J+1) - F1(F1+ 1) 
The reduced matrix elements can be evaluated with the aid of the Wigner-
Eckart theorem: 
(IDIIQ (2 )IIID)=Ç (2ID+3)(2ID+2)(2ID+1) 
2ID(2ID-1) 
where Q = 2 ( 1 ^ ^ 1 1 ^ ) = ( І ^ і Е ^ - ф і і ^ ; 
(3-6) 
(3-7) 
is by definition the nuclear electric quadrupole moment (TOW 55, chap. 5). 
In the same way one obtains: 
(Х,.ІІ < 2 > і и
т
) = Я і [(2J+3)(2J+2)(2J+1) 
2J(2J-1) 
with 




as the averaged second derivative of the potential V along the direction of the 
total angular momentum J at the nucleus in question. The quantity q, can be 
evaluated in terms of molecular constants as will be shown in (3.2.3). 
The matrix elements of the electric quadrupole interaction follow readily 
from Eqs. (3-5, 6, 8): 
«•M D )FIIH F M F I H Q I (
 0 )Рі ін р M F ) 
=
 3/4.X(X-l) - I D ( I D +1)J(J+1) eQqj 
ID(2ID-1)J(2J-1) ~T~ 
(3-10) 
3.2.2 Matrix elements of HQ for D2O. 
In case of D2O the proper coupling scheme is 
T D + T D = T and J + Ï = F 
with the representation 
|(IDID) I JTF MF) (3-11) 
The total angular momentum F takes the values J + 1, J + I - 1 , | J - 11. 
As deuterone obey Bose-Einstein statistics interchange of the two equivalent 
nuclei in the D2O molecule must leave the total wave function unchanged. In 
the case of the 3 <y- 2^ rotational transition which was investigated, the 
rotational part of the wave function is symmetric with respect to rotation 
over 180° about the axis of symmetry of the molecule (TOW 55, p. 94). By 
consequence the total spin I = Tr-v + L-j can take only the values 2 and 0 for 
which the spin part of the wave function is symmetric. 
With the aid of the theorems of Ref. (JUD 63, chap. 3) and expressions 
(3-6, 8) it follows: 
((IDID)I JTF M F I HQ I (IDID)I' JTF MF) = 
= 2 (I JTF M F I HQ J I 'JTF MF) = 
= 2 ( - ) I , + J + F { J , J 2 F ) ( I I , Q ( 2 ) „ I ) ( J T | | V ( 2 ) | I J T ) 




2( -y J+F ^wiuíjp^im 
(2lD+3) (2lD+2) (2ID+1) (2J+3) (2J+2) (2J+1) (3-12) 
2 I D (2 I D -1 ) (2 J ) (2 J -1 ) 
In case of 1,1' = 2,0 o r 0,2 F is equal to J and expression (3-12) reduces to: 
In case of Ι, Γ = 2,2: 
(I J T F M F | H Q 11' J T F M F ) 2 
with X = 6 + J(J+1) - F(F+1) 
J(2J-1) 




3.2.3 Evaluation of q , in t e r m s of molecular constants . 
The quantity q , can be evaluated in t e r m s of molecular constants for the 
present c a s e of a s y m m e t r i c top molecules by the s a m e method a s used by 
Edmonds (EDM 60, p . 115) for the s y m m e t r i c top molecules . With the addi­
tion theorem of spher ica l harmonics it follows: 
V ( 2 > = 2 e Г - 3 С ( 2 > ( .Ф ) 




(2) qj = 2 (JTJ I Vf I JTJ) 
=
 2
 ? (-)q (JTJ ι c<2) (θ. Φ) ι J T J ) . ν(_2η> (3-15) 
Herem; 
«5- ? v í^or V 
is independent of the rotational s ta te and- θ, Φ, θ . , and Φ . a r e the angles of 
the space fixed Z-axis and of the vector f, with r e s p e c t to the f rame of 














Fig. 3-1. Space fixed Z-ахів and reference frame x,y, z, which moves with the rotating molecule. 
The tensor components C^ '(θ, Φ) have to be averaged over the asymmetric 
top wave functions of a given rotational state IJ T ). An asymmetric top wave 
function IJ Mj) may be expanded (TOW 55, chap. 4) 
I J T M J ) = | а к І J K M J > (3-1 6> 
in the symmetric top wave functions IJ К Ы-Л given by 
|J К Mj) i 2J+1 „(M) . . . —* · D TK ( α ' Ρ· Y) 8 π 2 J K (3-17) 
ì (M) :« where DW' is a matrix element of an irreducible representation of the rota-
tion operator D(a, β, γ). 
In the summation of (3-16)onlyevenorodd values of К appear (TOW 55, p. 
95). The coefficients a., are real. They can be evaluated using well known 
techniques (VAN 54) but fortunately an explicit calculation of a« is not neces­
sary for the present problem. Following the definitions of Euler angles given 
by Edmonds (EDM 60, p. 6) it can easily be seen that θ = β and Φ=π-γ. 
An expression for qT follows then from Eqs. (3-15, 16, and 17): 
(jT j |v 0( 2>iv) = 
2·π π 2·κ 
2J+1 2 V(2) Σ * K , a K H 8
^ q " q К'К 
J-K 
ί [ ƒ" Ο ^ ^ α , β , γ ) D0¡2_)q (α,3,γ) D J ^ , (α,β,γ) da sinß dßdy (3-18) 
о о о 
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where use has been made of the relation (EDM 60, p. 59): 
c
(2) (β. π-γ) D ^ - q (α- ß- Y) (3-19) 
With the value of the integral given by Edmonds (EDM 60, p. 62) one finds: 
+ 2 V<2) + V<2)1 Σ a a (2J+l)(.)J-K I 323\ I J 2 J\ 42 + v - 2 j V a K a K + 2 ^ J + i X > \ - J 0 j J \-K-2 2 +K/ 
2 V (2) 3<K > - J(J+1) 
(2J+3)(J+1) 
+ 2 
V<2> + " v+2 v - 2 
.(2J+3)(2J+2) 
χ 2 a K a K + 2 [6(J-K-l)(J-K)(J+K+l)(J+K+2)] (3-20) 
2 51 ι 2 2 Herein<K > = ^ ajç| K > where К is the projection of J along one of the 
fixed molecular axes. 
From the definition of V^  ' given in Eq. (3-3) it follows that: 
V?) - Σ elf C(2> = * Σ еМз*?-*?)-*«& . * 
J J J J J J ' âz^ zz 




-â_V) _ - L / v ν — ) 
Ъу2) )f6( x x УУ} /6 Эх
2 
Herein V is the potential at the deuteron due to all charges outside this 
nucleus; x, у and ζ refer to the coordinate system which moves with the 
rotating molecule, and V~-, V-- and V-- are the diagonal components of the 
electric field gradient tensor. 
Assuming χ = а, у = b and ζ = с, where a, b and с are the principal axes 
of the molecule, the expression (3-20) may be written as 
4 j — \ (v 




J(J+1) + (V aa bb )o} 
where α = 2 Σ 3
κ ; & κ + 2 [ (J-K-l)(J-K)(J+K+l)(J+K+2)]^ 
By cyclic permutation of a, b, с with respect to x, у and ζ two similar equa­
tions for qT are obtained. From these equations it follows (HUI 66) that: 
qT = 2 Σ ν gg 





assuming that the Laplace equation 
aa bb cc 
2 is satisfied by the potential V. The quantities <J > in Eq. (3-21) are the 
average values of the square of the components of J along the principal axes 
of the molecule: 
2 Í ЭЕ(х)1 






where a, b and с refer to the least, intermediate and greatest axis of inertia, 
respectively. The values of the reduced energies E(x) are tabulated (TOW 
55). The asymmetry parameter κ is given by 
x=2(B-A-C)/(A-C) 
where А, В and С are the rotational constants of the molecule. 
3.3 THE MAGNETIC SPIN-ROTATION INTERACTION TERM Hj j 
It has been shown by several authors (GUN 54, THA 64, DYM 66) that the 
effective Hamiltonian of the spin-rotation interaction can be written as; 
Hj j = 2 IK.M.J (3-22) 
where M = N + E is 
the sum of two symmetric second rank tensors describing the nuclear (N) 
and the electronic (E) contributions. The electronic contribution (E) arises 
from the mixed second order term described at the end of section 3.1. It has 
been shown by Flygare (FLY 64a) that the elements of these tensors refered 
to the molecular principal axes of inertia are: 
S £ ) - ^ ^ ^ A g 2
 ZLrL3K [ V K L - (V*L>A-fL>g'] 
4 π fi L^K 
(3-23) 
È(K) 2 e IVn gk A 2 ( θ ' P g ' n ) ( П ' P g ' / r 3 ' θ ) + ( θ ' P g , / r 3 ' n ) ( n ' P g І О ) 
gg = g n>o 
4^ftm E„ - E„ 
ο η 
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are taken with respect to the center of the К nucleus. In Eq. (3-23) A = 
2 ° 
ft /21 is the rotational constant with I the principal moments of inertia 
S ° th 
along the axis g = a, b, c; ZT is the charge of the L nucleus, e and μ are 
the electronic charge and the nuclear magneton, respectively, and μ = 4 χ 
-7 -1 -1 0 
10 A Vm s. The sums are over all К and L nuclei and over the excited 
electronic states |n). The radial and velocity vectors of the nuclei and elec­
trons all originate at the molecular center of mass. 
Calculation of the matrix elements of the I.J-interaction in HjS -type 
molecules was treated in detail by Huiszoon (HUI 66). His results will be 
taken as basis for the present calculations in the molecules HDO, HDSe, and 
D 2 0 . 3.3.1 Matrix elements of Hi_j for HDO and HDSe. 
The interaction Hamiltonian (3-22) can be expressed in spherical tensor 
operators (HUI 66) as: 
IK.M.J = 2 (-) (2 +1)І {IWJMMJW}* 1 )}* 0 ) (3-25) 
v-0.1,2 
Using techniques of spherical tensor operators (JUD 63, chap. 3) the matrix 
elements of the I.J- interaction of the deuteron in the representation (3-4) 
follow readily from Eq. (3-25): 
( ( J ^ F ^ F M F | I D . M . J | ( J T I D ) F i I H F M F ) = 
=
 v Ì l , 2 ( 2 V + 1 ) Ì ( - ) F " M + V ( - M § M ) « J x b ) F l ^ l l { l D ( 1 ) ( M ( V ) J ( 1 ) ) ( 1 ) } ( 0 ) | l 
(J I )F% I F) 
τ ο I H 
\ Ì l . 2 < - ) F l + l H + F ^ 
Il VDFI> <2Ρ+1>* 
= l ( -,
J
^b^[(2F + lX2F 1 + l , ]* jíD Í D Ц^ ζ ^(ІоЦіо^ЦІо), 
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= ( . )J+ID +F1 j ^ l J ( I D | | ^(1) „ I D ) ( 1 Ì | | J ( 1 ) | | J T ) X 
Xv=021.2(")V {2V+l)Ì ( " Я ^ І І М ( ) | 1 ^ ) <3-26> 
The two reduced matrix elements ( I D | | I D || I D )and(J T | | J V ' 11JT) together 
with the 6j-symbol yield a factor: 
¿ [ F ^ F ^ l ) - ID(ID+1) - (J+1)J] (3-27) 
It was shown by Huiszoon (HUI 66) that: 
v=0 1 ,2 ( ) ( 2 V + 1 ) 1 J JJ] , j
 v j , g J(J+1) 
l-J О J/ (3-28) 
The quantities M¡L ' are considered as molecular constants in so far as they 
not depend on the rotational levels. The quantity С
 T , which is called the 
magnetic hyperfine constant, is not a molecular constant. 
By substitution Eqs. (3-27 and 28) into Eq. (3-26) one obtains finally for the 
I.J.-interaction of the deuteron; 
«
J T 1 D ) F 1 I H F M F I lOM·3· I ( о ^ Н 1 7 MF> -
= k [ F I ( F I + 1 ) - ID(ID+1) - J(J+1)] C° (3-29) 
Matrix elements of the interaction of the proton with magnetic fields in 
the molecule can be obtained in an analoguous way: 
« V D ^ I H F M F I IH.M.J I (JTID)FilHF MF) = 
%Ìl.2 (- )V(2V+1>V)F"M(-M§M)^^l^ll^ (1>^ (11 (1Y0) | | 
Х
 =021.2(-) ( 2 + 1 ) І ( V D F I I I { M ( V ) J ( 1 ) } ( 1 ) | | V D P ' I ) 
41 
= ^ (-) J + I D + I H + F (2F1+1)(2F41)(2IH+1)(IH+1)IH] * {Jl^J'l} {ξ} Fj ^ χ 
χ Σ
 ( - ) v (2v+i)4 (JT II Í M ^ M 1 ) ) ( 1 ) || Jt) 
v=0,l,2 l ' 
= (-)J+ID" ,"IH+F+1 [ ( г р ^ І ) (гР^+І) (2IH+1) (IH+1)IH(2J+1) (J+l)j]* x 
2 (-) v (2v+l)* I r
 T T | ( JT I IM Í V ) I I JT) 
v-0.1.2 μ J J j 
Fi 1 FÍ 
I J iD j 
F1 Fi 1 
(3-30) 
Using expression (3-28) for the sum over v, the matrix elements of the proton 
interaction become: 
«
J T I D > F 1 I H F M F И н - М · 1 ! ^ ^ ! ^ M F ) 




s = J+ID+IH+F+1 and: C^ = 7,
 M gg < J g > 
T
 S J(J+1) 
From Eq. (3-31) it follows that the matrix elements are symmetrical in F , 
and F',. In case of F, = F', expression (3-31) reduces to: 
((J IrfFfaF M F | IH.M.J | (J I D ) F 1 I H F M F ) = 
Í (J(J+1) + F^F j+ l ) - 2) ( F ^ + 1 ) - F(F+1) + 3/4) 1 
1 4F1(F1 + 1) J J t 
In the case of F'. = F, + 1 expression (3-31) reduces to: 
((J ID)F1IHF MF | IH .M.J | (J I p J F ^ l IH F Mp) = 
2(J+F1)(J + F 1 + 3 ) ' 
(3-32) 
^ F j + l ) ,H (3-33) 
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3.3.2 Matrix elements of Hj j for D2O. 
The matrix elements of the I.J- interaction of the deuteron in the molecule 
D^O in the representation |(IJ-.IJ-J)I J F Mp) can be easily obtained from 
expression (3-31) by means of the following substitution: 
J - * i D 
I H - J 
The result is then: 
((IDID)I J T F M F | I D . T . J | (I D I D )I· J x F Mp) = 
(-)B (2I+1)(2I'+1)(2ID+1)(ID+1)ID(2J+1)(J+1)J }i 
11' 1 
J J F 




with s' = J+F+l. 
As I and I1 can take onlythe values 0 and 2 (see sect. 3.2.2), it follows from 
the 6j-6ymbols that the matrix elements of Eq. (3-34) all vanish except 
for Ι, Г = 2,2. The final result is: 
((IDID)I J F M F I I D .T.J I (IDID)I J F Mp) 
F(F+1) - J(J+1) - 1(1+1) 
>D (3-35) 
3.4 THE MAGNETIC SPIN-SPIN INTERACTION TERM H
u 
3.4.1 Matrix elements of Hj j for HDO and HDSe. 
The Hamiltonian of the spin-spin interaction for HDO and HDSe can be 
written in spherical tensor notation as (JUD 63, p. 87): 





( І ) } < 2 ) | « ) 4 І ) | ( 2 'Г 0 ) см« 
where g D and g„ are the Lande factors 01 the deuteron and the proton, re­
spectively, and r stands for | r H - fn |. 
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For the calculation of the matrix elements the wave functions of the repre­
sentation | ( J T I D ) F I I H F M p ) a r e expanded (JUD 63, p. 55) in those of the 
representation | ( I J T I D ) I J F Mp): 
^ W l W * ^ |(IHID>IJtFMF> ί(2'+1)(2ίι+1)]* * 
Χ(-,% {¡JJÙ (3-37, 
The matrix elements in the representation |(J І
п
) Р Л о Р Mp) can now be 
expressed in those of the representation |(IHL-.)I J F Mp) using Eq. (3-37): 
« W ^ H 1 7 M F |Hs-s| < о>Рі MF> = 
= S|[(2I+1)(2I'+1)(2F1+1)(2F'1+1)]* { Í ^ F J { í j / J -
x ((IHID)I JTF M F | H s_8 | (IHID)I· JTF Mp) (3-38) 
The latter matrix element can be obtained making use of standard operator 
techniques (JUD 63, chap. 3). 





"lgrD5gH <-> ^ і І ' Í 2) (^ υ {^(l)} (2) II ' τ > 
X
«
I H I D ) I I I { I D ( 1 > I H ( 1 ) ) < 2 ) | | ( І Н Ь ) 1 ' ) 6 ^ ' ) MMpMp,) 
= 3 ^ ^ ( Y + J + F + 1 { ' · - } [ ( 2 I + 1 ) ( 2 I I + 1 ) ^{;H;H; 
4πΓ l i I' 2 
x
 <h 11 I D ( 1 ) 11 ъ ) ^н il і н ( 1 ) il y ttcii { r ( 1 ) r ( 1 )) ( 2 ) Il J T ) ( 3- 3 9) 
r 
It can easily be shown that: 
blK?libelli ігн апІІ^ІІ іпХінІІ^Цін)- 3 
(1^= 1, I = -i·). The 9j-symbol can be expressed in terms of 6j-symbols with 




I I' 2 
(-) 
i+w' | i D i D i 
W H 1 
I I' 2 
, ( . j l+l '+l i l l ' 21 Í1 111 
• • ï Т Ш Г { » i M i i i i ( 3 · 4 0 ) 
\г г" sj 
ì(2) 
The reduced matrix element (JT II { r ( 1 ) r ( 1 ) j II JT) for eigenfunctions of 
the asymmetric top was calculated by Huiszoon (HUÍ 66): 
ι P) 
«, ІІ('(І,'(1)Г I I ν -
(2J+3) (2J+2) (2J+1) 
2J(2J-1) 
' Σ (Зг^-г2) <j2>/(J+l)(2J+3) 
(3-41) 
By substituting Eqs. (3-40) and (3-41) into Eq. (3-39) the matrix elements in 
the representation | (I H I D )I ^ F Mp) are obtained. 
The expression for the matrix elements in the representation I (J L-.) F , ! , , 
F Mp) is then obtained from Eq. (3-38): 
«
J T I D ) F 1 I H F M F | H S - S | ( J T I D ) F , 1 I H F M F ) = 
= i /ÏÖDJir [(2?!+!)^+!) (2J+3)(2J+2)(2J+l)1i χ 
2J(2J-1) 
x Σ (2I+l)(2I l+l)(-)I+J+F'f l 
I.I' 
ÍJ F I i ÍJ F Γ Π Ι ' J Fi i l l ' 2Ì i l 1 1 
l i l F j J U IF^JIJ I 2) U f l) Ц І І 
with: 
D, μ ο μ Ν g D g H 2 ( 3 r g - r 2)<J^>/(J+l)(2J+3) 
(3-42) 
(3-43) 
2x rJ g 
From the triangular relations of the 6j-symbols it follows that F' = F, or F, 
+ 1, and (I, I') = (i, Í), (J, i) and (& f) . 
3.4.2 Matrix elements of Hj j for D2O. 
The matrix elements of the spin-spin interaction in DjO can be calculated 
directly in the appropriate representation |(InIpj)IJTF Mp): 
((IDID)I JTF M F | H s . s | (IDID)I· JTF MF) = 




From the triangular relation of the 6j-symbol and the requirement that the 
nuclear part of the wave function is symmetric with respect to interchange 
of the two nuclei it follows that 1,1' can take only the values 2,0; 0,2 or 2,2. 
In case of 1,1' = 0,2 the 9j-symbol can be calculated with the aid of the 
relation 6-4-14 of REF. (EDM.60): 
1 1 1 
1 1 1 
0 2 2 
1 { Ì Ì 2 1 (3-45) fis I 1 1 2J 6 IÍ5 
The 6j-symbol, in which F must be equal to J, is given by relation 6-3-2 of 
REF. (EDM. 60): 
-1 Í2 J FÌ ÍJ 2 JÌ 
{ J 0 2 j - JO J 2¡ 
У5"(2Р+1)* ( 3 " 4 6 ) 
By substituting the values of Ι,Г and of (3-45) and (3-46) into Eq. (3-44) the 
following expression for the matrix elements is obtained: 
[(2J+3)(J+l)|i 
((IDID)0 J T F M F | H s . s | ( I D I D ) 2 J T F M F ) = [ 2 J ( 2 J . 1 ) J ' D J T (3-47) 
Because both the 6j- and 9j-symbols of expression (3-44) are symmetric 
with respect to I and l' the matrix elements with I,I1 = 2,0 are given by ex­
pression (3-47). 
In case of Ι,Г = 2,2, the 9j-symbol can be calculated with the aid of relation 
6-4-3 of Ref. (EDM. 60): 
1 1 1 
1 1 1 
2 2 2 ?<->*<>·»>{* ί . 2 }( ί i ï ) { i ! î ) - l <3-4β> 
The resulting expression for the matrix elements in case of 1,1' = 2,2 is: 





X = 6+J(J+l) - F(F+1). 
(3-49) 
The expressions given above allow calculation of the spin-spin interaction 
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Fig.3-2. Hyperfine energy matrix for HDO and HDSe in the J » 2 state. 
3.5 CALCULATION OF THE TRANSITION FREQUENCIES. 
The frequencies of the hyperfine transitions can be expressed in terms of 
the 'unperturbed' rotational transition frequency v 0and the frequency of the 
hyperfine splittings of the rotational levels. As follows from the preceding 
sections the splittings of the rotational levels can be expressed in terms of 
the following coupling constants: 
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(eqj Q) D = 2e Q D Σ V < · £ > / (J+l) (2J+3) (3-49a) 




С / = 
"4 
~ - D ^ "gg -g" 
tAw^Cl·;2 
Σ M g g <J2>/J(J+1) 
o 
(3-49c) 
As the values of these constants depend on the rotational energies charac­
terized by the numbers JT„ eight different constants are required to describe 
the hyperfine transitions in HDO and HDSe. In the case of D^O which has two 
equivalent nuclei only six constants are required. 
In order to calculate the energy splittings of the JT= 2^ - and 2, rotational 
states in НЕЮ and HDSe the energy matrix given in Fig. 3-2 must be diago-
nalized. All matrix elements were obtained from the expressions (3-10) for 
the electric quadrupole interaction, from the expressions (3-29, 32 and 33) 
for the I.J-interaction, and from the expressions (3-42) for the spin-spin 
interaction. 
For the calculation of the hyperfine energy splittings of the J T = 22 and 3 2 
rotational states in D2O the matrices given in Figs. 3-3 and 3-4 must be 
diagonalized. The matrix elements were obtained from expressions (3-13, 14, 
36. 47, 49). 
Although diagonalization mixes states with different values of F,(in HDO and 
HDSe) and I (in D^O) their values are used, for convenience, to indicate the 
actual energy levels. 
The following expressions were obtained for the hyperfine splittings of the 
J = 22 and 2 1 rotational levels in HDO and HDSe: 
F 1 F W ^ F j F ) = ( J ^ F Ι H I J ^ F ) 
1 1 / 2 W = 7/8 eqQ - 3C D - | C H + - .D 
1 3 / 2 W = W1 + W2 with W1 = -1/4.C
H
 - 2C D and 
w 2 = К - { l e q Q + ìctì -3 cD ΙD)x 
x ( . Z e q Q - 5 c H - C D + Z D ) + 9 _ (cH) 2 ^ k
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Fig. 3-3. Hyperflne energy matrix for Ο,Ο , J = 2. 
2 3/2 W = W1 - W2 
2 5/2 W = W3 + W4 with W3 = - y eqQ - ì CH + ^ C D - | D 
W, 
16 
W3 - (- БеЯР + Ζ 0 " - c D - ^D)(ieqQ-|cH
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Fig.3-4. Hyperflne energy matrix for DjO , J «3. 
3 5/2 W = W3 - W4 
3 7/2 W = i eqQ + 2C D + C H + i D 
For the J T = 22 rotational level in D^O the energy splittings are given by 
the following expressions: 
50 
1 F W(JTI F) = (JTI F I H I J T I F) 
2 0 W = ? eqQ + \ D - 6 C D 
4 ·ί 
2 1 W = η- eqQ + ^ D - 5 C D 
0 2 W = Wj^  + W2 with W1 = - y- eqQ - - C D - 3/8 D 
W2 = [wj + \ (eqQ - 0 ) ψ 
2 2 W = W1 - W2 
2 3 W = - eqQ - 2 D 
2 4 W = -è eqQ + 4 C D + D 
Finally the expressions for the hyperfine splittings of the J T = 3 ^ rota-
tional level in D20 are given by: 
1 F W(JT1 F) - (JTI F | H | V F) 
2 1 W = · | eqQ - 8 C D + ^ D 
2 2 W = ^ - e q Q - 6 C D + | - D 
0 3 w = W1 - W2 with W1 = - ^ eqQ - \ C D - ^ D 
W 2 = [ W l + I <eclQ - D) 2 ]^ 
2 3 W = Wj + W2 
2 4 W = - - eqQ + C D - -^ D 
4 ^ 
2 5 W = ^ eqQ + 6 C D + D 
The frequencies of the hyperfine transitions can be obtained from the 




 FjF) = I 2 2 1 2)— I 2 1 1 i) is equal to 
ν = v
o
 ( 2 2 - 2 ! ) + W(22 1 І) - W(21 1 I ) . 
As values of the coupling constants are generally given in kHz the value of 
W is also given in kHz. 
3.6 CALCULATION OF THE RELATIVE HYPERFINE INTENSITIES 
In a beam maser spectrometer the observed intensity of a transition is 
proportional to the power emitted by the molecules. For a transition be­
tween a lower state I F Mp) and an upper state I F'M'p) this power is at re­
sonance given by: 
v ? Γ Ε ί Ρ Μ ρ Ι μ ρ Ι Ρ ' Μ ' ) L 1 
Ρ = ZJ niM') hv s in 2 — Щ - E J El *
 ( з_ 
к/гид« v ' L h v„ J ^ MM' 
50) 
assuming complete state selection. 
The various quantities in Eq. (3-50) are : 
n(M') = the number of molecules in the upper state |F 'M'p) passing 
through the cavity per second, 
ν = resonance frequency of the hyperfine transition, 
ν = most probable velocity of the molecules in the beam, 
μ Ρ = component of the electric dipole moment along the direction of 
the electric field E. 
If the magnetic sublevéis of the upper state are equally populated and: 
E (F Mp Ι μ
 E I F ' M ^ ^ « 1 (3-50a) 
for all values of Mp then the total intensity of a hyperfine transition is 
proportional to 
1 =
 Ü ' l ^ 1 ^ 1 ^ 1 F , M , F>| 2 (3-51) 
where μ^ ' is the spherical component of the electric dipole moment operator 
£( ' with μ^ ' = μ
Ε
. As the cavity resonates in the T M Q 1 0 - mode the elec­
tric field is directed along the axis of the cavity and the other components of 
μ' ' are zero. 
The relative hyperfine intensities in case of HDO and HDSe are obtained 
by calculating expression (3-51) in the representation | ( J T 1 i ) ) F i I u F M p ) · 
With the aid of the Wigner-Eckart theorem it follows that: 
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о) р і І н р , ) | 2 2 . 
MM 
1 I W D ^ I H F I ^ 1 ) H (J;ID)FÎIHF·) ι2 
/ F 1 F' \ 
\-M„0 M' / 
- F 0 J, 
(3-52) 
where use has been made of the orthogonality of the 3j-symbols (EDM 60, 
p. 47). 
From Eq. (3-52) it follows that only ΔΜρ = 0 transitions may take place. 




I D ) F l I H F , | μ ( 1 ) | | ( J , τ I D ) F , l I H F , ) 
= ( - ) F I + I H + F , + 1 (2F+1)(2F,+1) 
( - ) J + I D + I H + F 1 + F , 1 + F 
νέ ίΡ,Ι F î l i F 1 F ' ì (2F+1)(2F41)(2F1+1)(2F1+1)] { j ^ j ^ p ^ p j -
χ ^ ι ΐ μ ^ ι υ ; ) -
-c F i F : F . i F . ( j T iu ( 1 ) i | j ; ) (3-53) 
The relative intensities of hyperfine components of a rotational transition in 
2 
НЕЮ or HDSe are then given by (Cp p.p· p ' ) . 
The square of the reduced matrix element of expression (3-53) is equal to 
the total line strength of the rotational transition (EDM 60, p. 70). For 
asymmetric top molecules values of this quantity have been tabulated (TOW 
55) (SCH 58). 
The relative hyperfine intensities in the case of D^O can be calculated 
from expression (3-51) in the representation (1^1^)11 F M F ) : 
•4- Ι^ο^^ΙΙ^ΜΙαο^'^ρ')! 
and: ( ( I ^ I J ^ H ^ 1 ) || ( I D I D ) I ' J ; F · ) 
= 0(1,1') (-) IVJ'+F.I r ( 2 p + 1 ) ( 2 p . + 1 ) ] * ( P I P 1 } ( 1 < г | | ц ( 1 ) | | j ; ) 
53 
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Fig. 3-5. The matrix C_ , , for the 2 - 2 , rotational transition of HDO and HDSe. 





























Fig. 3-6. The matrix C__, .,_,, for the 3 - 2 rotational transition of D„0. IF,I F -¿ ¿ ¿ 
= С
ІР:і ÍJT Ь ( 1 ) Il JT) (3-54) 
The relative intensities of hyperfine components of a rotational transition 
2 in D2O are given by (Cjp.jrpi) . 
Matrices of the coefficients Cp p.pi pi and С.р.ірі are shown in Figs. 3-5 
and 3-6, respectively. It has been shown in sect. 3.5 that F, and I are not 
54 
good quantum numbers. By consequence matrices of the coefficients С 
must be transformed into a representation in which the Hamiltonian is diago­
nal. This can be achieved by the transformation; 
Rj.C.R. (3-55) 
where R. and Rf are unitary matrices which diagonalize the hyperfine 
Hamiltonian in the initial and the final state, respectively. As generally 
R. f R, the relative intensities depend on the coupling parameters. The 
values of the hyperfine intensities will be given in the following chapter. 
As has been shown by Gordon (GOR 55) the relative intensities are af­
fected by the action of the state selector on the population of the hyperfine 
levels. In addition the assumption (3-50a) is often violated by the use of 
higher power levels for sensitivity reasons. The observed intensities of 
hyperfine components will thus generally show deviations from the calculated 
values. In the case of the spectra of НЕЮ and HDSe these deviations were 
small enough to permit reliable interpretation of the hyperfine spectrum 





In this chapter a description is given of the measurements on the hyperfine 
spectra of the 2 2 - 2 , rotational transitions of HDO at 10,278.246 MHz, of 
HDSe at 9,138.500 MHz, and of the 3_2 - 22 rotational transition of D2O at 
10,919.423 MHz. 
The hyperfine spectra of the transitions in НЕЮ and D2O have been investi­
gated previously by Posener (POS 57) with a conventional microwave spectro­
meter (HDO and DjO) and by Thaddeus et al. (THA 64) with a beam maser 
spectrometer (only НЕЮ). The values of the hyperfine coupling constants 













' ! , 
% 
POSENER 
B2 7 t ± 2 . 0 
79 80 + 2.0 
-1,0.33+10 
-4200 + 1.0 
- 112 ±0.5 
- 150+0.5 
-73 28+100 
19 87 + 050 
- 3.50+0.30 
- 3.35 ± 0 5 0 
THADDEUS et at. 
793 ± 0 3 
79.6 + 0 3 
- W W ±0.11 
-¡.3 63 ±0.13 
- 233±002 
- 220+002 
Table 4-1. Valuesofthe deuteronquadrupole coupling constants (eq, Q^and of the spin-rotation 
H D 
constants С, and C, of the molecules HDO and Ο,Ο as determined by Posener (POS 60) and 
Thaddeus (THA 64). 
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Resolving power of the present spectrometer was increased by a factor of 
25 over that of Posener's microwave spectrometer while sensitivity was by a 
factor of about 100 better than the sensitivity of Thaddeus' beam maser. It 
seemed thus justified to investigate the hyperfine spectra of HDO and D2O 
again. 
The methods used for interpretation of these spectra and calculation of the 
coupling constants are also shown in the following sections. Particularly in 
the last section a completedescriptionisgivenof a least squares fit method, 
which was used to calculate the values of the hyperfine coupling constants 
and their statistical e r rors . 
energy 
in GHz 
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Fig. 4-1. The lower rotational levels of HDO, DjO and HDSe calculated in the rigid rotator 
approximation. 
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4.2 HYPERFINE STRUCTURE OF THE 2 2 - 2 1 ROTATIONAL TRANSITION 
OF HDO 
The transition between the 2« and 2, rotational levels is of the Q-branch 
(AJ = 0), which requires a component of the electric dipole moment along the 
a (the least) principal axis of inertia. In the case of НЕЮ this component is 
μ = 0.64 Debye, while the total dipole moment is μ = 1.84 Debye (GOR 53 
p. 362). From the energy level scheme of Fig. 4-1 it is seen that these levels 
lie rather close together - considerably closer than the energy separation 
between one of them and any other level. For such a pair of almost degenerate 
levels Stark effect is particularly favorable for state selection. 
In Fig. 4-2 a typical observed hyperfine spectrum of HDO is shown. The 
spectrum was resolved into 15 components in a cavity of 30 cm length 
resulting in a line width of 1 kHz. At the input power to the cavity P. of 
-9 1 
1.5 χ 10 W, the weakest components in the spectrum were brought out 
clearly, while the stronger transitions showed saturation effects (see sect. 
2-4). 
With a time constant of RC = 0.03 sec a signal to noise ratio of about 650 
was observed for the strongest line in the spectrum. Increasing the time con­
stant to a value of RC = 3 sec. gave a signal to noise ratio of about 4000. 
In order to determine the centre frequencies of the spectral lines the whole 
spectrum was recorded 13 times with a time constant at the lock-in amplifier 
of 0.03 sec. and a sweep rate -τ- of 260 Hz s~ . Cavity input powers were 
- 9 -11 
varied between 6.5 χ 10 W and 4.5 χ 10 W. The frequency shift due to 
time constant effects was given in this case by (STR 54, p. 112) 
Δν = RC · Ρ- ~ 8 Hz. dt 
This value is negligible compared to the error in the determination of the 
centre frequencies of spectral lines, whichisof the order of about 100 Hz. In 
table 4-2 the mean values of the frequencies of the spectral lines are given. 
The HDO sample was obtained by mixing equal parts of ^ O and D2O. The 
exchange of protons and deuterone proceeds very rapidly resulting in a mix­
ture of 50% HDO, 25% H2O, and 25% D2O. Vapour pressures of about 1 Torr 
were used in the source chamber. 
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DjO 3.J-22 rotational transition 
v.10.919 MHz ЯС.аЗзес 
HDSe ?]-?, rotational transitiûn 
V.9138 MHz 
'ÌOOHzs-< 
m 600 590 5β0 570 660 550 540 530 Ц0 STO SOD 
І90 ÍÍC 470 460 450 UO 430 
Fig. 4-2. Hyperflne spectra of the 22-2J rotational transitions in HDO and HDSe at 10,278.246 MHz and 9,138.500 MHz, respectively, and of 
the $2 - 22 rotational transition of D^O at 10,919.423 MHz. 
For the interpretation of the hyperfine spectrum use was made of the re­
sults of Posener (POS 60) and of Thaddeus et al. (THA 64). These results 
made it possible to indentify immediately six of the observed spectral lines 
with their corresponding hyperfine transitions. After an analysis of the partly 
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± 0 03 
Table 4-2. Measured and calculated values of the hyperfine frequencies of the 2, - 2, rotational 
transition of HDO. The relative intensities were calculated for the case of conventional micro­
wave absorption spectroscopy. 
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resolved lines at 10,278.323 MHz and at 10,278.137 MHz (see Fig. 4-2), four 
more frequency values could be added. In order to determine the frequency 
values of the two unresolved components of the spectral line at 10,278.170 
MHz. this line was recorded at several different values of the cavity input 
power P,. As is shown in Fig. 4-3 the shape of the line and the position of 
its top depend strongly on the value of P.. This is caused by the fact that the 
two components saturate at different power levels. The shape of the line at 
_ Q 
Pj = 6.3 χ 10 W is strongly asymmetrical and therefore particularly use­
ful for the determination of the frequency values of the components. In this 
case it was assumed that the top of the line coincided with one of the com­
ponents. A more detailed description of this procedure was given elsewhere 
(BLU 67). The spectral lines at 10,278.080 MHz and at 10,278.411 MHz each 









Fig. 4-3. Spectral linee at 10,278.170 MHz recorded at several different values of the cavity 
input power P.. Frequency markers are placed at distances of 1 · 1 KHz. 
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The total number of 12 available frequency values corresponding to re­
solved hyperflne transitions was sufficient to calculate the distances between 
the hyperfine levels shown in Fig. 4-4. Only 11 ofthe values were needed to fix 
the energy level scheme. Comparison ofthe remaining values including those 
of the unresolved components and the main transition, with their correspond­
ing calculated values, served as a check on the interpretation. 
From the known splittings (see section 3.5) ofthe hyperfine levels a set of 
approximate values for the several hyperfine coupling constants was calculat­
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Fig. 4-4. Hyperfine level scheme ofthe ^'^i г o t a t i o n a , transition in HDO. 
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Herein the quantities W(FI, F') - W(F1F) stand for the energy differences 
between hyperfine levels characterized by the numbers F', F' and F , F (see 
section 3.5). Values of the spin-spin coupling constants, 
D 9 = - 2.47 kHz and Do = - 2.45 kHz 
^2 zl 
were calculated with the aid of expression (3-49 )from the geometrical para-
2 
meters and the values of<J. >given in Fig. 4-5 and Table 5-4, respectively. 
More accurate values for the coupling constants and the frequency ν of the 
'unsplit' rotational transition were calculated with the aid of a least squares 
fit method, which is described in the last section of this chapter. Values of 
IT 
( e q T Q ) ^ and CV" a r e given in the Tables 5-2 and 5-6, respectively. For the 
frequency of the 'unsplit' rotational transition a value of 
ν = 10,278,245.97 + 0.02 kHz 
о -
was found. 
Fig. 4-5. Geometrical structure of НЕЮ. 
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Finally from the set of hyperfine coupling constants and ν the frequency 
values of all hyperfine transitions were calculated. Comparison of these 
values, given in Table 4-2, with the measured ones shows a very good fit. 
4.3 HYPERFINE STRUCTURE OF THE 3_2 - 2 2 ROTATIONAL TRANSITION 
OFD2O 
The transition is of the P-branch(AJ = 1 ) due to the only component of 
the electric dipole moment μ, = 1.87Debye(GOR53,p. 362). It follows from 
Fig. 4-1 that the 3 2 a n d 2« states, between which the transition occurs, lie 
very close to each other and to the 3 о and 2, rotational states. As μ. is the 
only non-zero component of the dipole moment it can be shown from the 
selection rules for asymmetric top molecules (TOW 55 p. 94) that Stark ef­
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Table 4-3. Measured and calculated values of the hyperfine transition frequencies of the 
3 2 -'^2 r o t a t l o n a l transition in Ο,Ο. The relative Jntensities were calculated for the case of 
conventional microwave absorption spectroscopy. 
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levels. In consequence Stark effect is quite similar to that of the 22 - 2, 
rotational transition in HDO and may thus expected to be favorable for state 
selection. Total population of the M = 0 , 1 , 2 magnetic substates of the 3 « 
rotational level (M = 3 does not contribute because ΔΜ = 0) is equal to the 
population of the 2~ level of НЕЮ. Taking further into consideration that for 
beams of equal molecular flow the number of D2O molecules is twice that 
of the HDO molecules one may expect the D2O transition to be nearly as 
favorable for investigation with a beam maser spectrometer as that of HDO. 
In Fig. 4-2 a typical example of the hyperfine spectrum of the 3 ^ - 2~ 
rotational transition in DjO is shown. With a cavity length of 17 cm a line 
width of about 2 kHz was achieved and the spectrum was resolved into 13 
components. The values of the cavity input power, the time constant, and of 
the sweep rate were P. = 8 χ I O " 1 1 W; RC = 0,3 s e c . a n d ^ = 270 H z s " 1 , 
respectively. The mean values of the central frequencies of 13 spectral lines 
are given in Table 4-3. For the determination of these values the spectrum 
was recorded eight times. Traces were taken in two directions to eliminate 
time constant effects, which were here of the same order of magnitude (about 
80 Hz) as the inaccuracy in the determination of the centre frequency of the 
spectral lines. 
Using the frequency values of the hyperfine transitions calculated by 
Posener (POS 60), it was possible to identify immediately 11 of the observed 
spectral lines with their corresponding hyperfine transitions. The spectral 
lines at 10,919.301 MHz and at 10,919.358 MHz which consist of 2 and 3 
hyperfine components, respectively, were not resolved. As only 8 of the 11 
observed frequency values were independent not all distances in the hyperfine 
level scheme of Fig. 4-6 could be determined. 
From the known distances a set of approximate values of the hyperfine cou­
pling constants was calculated for each rotational level separately with the 
aid of the following linear equations for the 3 ^ rotational level: 
W(2.4) - W(2,l) = - | | eqQ + 9 C D - ^ D 
W(2,4) - W(2,2) = - | i eqQ + 7 C D - ^ D 
and for the 2- rotational level: (4-2) 
W(2,4) - W(2,3) = - eqQ + 4C D + 3D 
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W(2,0) - W(2,4) = - eqQ - 10CD + - D 
Herein, the quantities Wil', F') - W(I,F) stand for the energy separations be­
tween two hyperfine levels indicated by the numbers I1, F' and I,F (see section 
3.5). For the spin-spin coupling constants the values, 
Do = 0.41 kHz, and D 9 = -0.46 kHz 
а
-г 2 
were obtained from the geometrical parameters given in Fig. 4-7, and the 
2 
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Fig. 4-6. Hyperfine level scheme of the 3 - - 2, rotational transition in Ο,Ο. 
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— al«) 
Fig. 4-7. Geometrical structure of Ο,Ο. 
The best fit values of the other hyperfine coupling constants are given in 
Tables 5-2 and 5-6. For the imsplit rotational transition a frequency value of 
ν = 10,919,422.55 + 0.04 kHz 
о — 
was calculated. 
Comparison of the hyperfine transition frequencies calculated from this set 
of coupling constants, with the measured ones given m Table 4-3, shows a 
very good fit. 
4.4 HYPERFINE STRUCTURE OF THE 2 2 - 2 1 ROTATION AL TRANSITION 
OF HDSe 
The 22 - 2 j^  rotational transition of HDSe at 9,138.5MHz was selected from 
a number of Q-branch transitions of which the frequencies were deter­
mined by Veselago (VES 59). Stark effect is here of the same type as in 
the case of НЕЮ (see Fig. 4-1). However, state selection is less efficient 
because μ 3 (Н05е)/ца (HDO) = 0,68 (VES 57). Moreover population of the 
2 9 state in HDSe is about 1/3 of the population of the same state in HDO. As 
80 the natural abundance of the Se -isotope is about 50 per cent, the number of 
active molecules in the HDSe beam is only 1/6 of the active HDO molecules 
in a beam of the same molecular flow. 
In Fig. 4-2 a typical recording of the hyperfine spectrum of this transition 
is shown. A hnewidth of 1.5 kHz was achieved in a cavity of 20 cm and the 
spectrum was resolved into 15 components. The cavity input power, the time 
_Q 
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Table 4-4. Measured and calculated values of the hyperfme transition frequencies of the 
2 , - 2 . rotational transition of HDSe. The relativ« 
conventional microwave absorption spectroscopy. 
e intensities were calculated for the case of 
Watt, RC = 3 and 0.3sec., and-т^ =100Hz s" . In Table 4-4 the mean values 
of the central frequencies of the 15 components are given. These values were 
determined from 18 recordings of the spectrum. Time constant effects, which 
were about 200 - 400 Hz, were eliminated by recording the spectrum in both 
directions. 
Hydrogen selemde gas was prepared by reaction m vacuum of aluminum 
selemde (A^Seo) with a mixture of equal parts of H^O and DoO. The water -
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Fig. 4-8. Hyperflne level scheme of the 2 2 - 2 , rotational transition of HDSe 80 
taining АЦЗео. The reaction started immediately especially with powdered 
aluminum selenide. The gas escaping from the reaction to the storage volume 
contained a saturated vaporof the H2O/D2O mixture. To increase the ratio of 
HDSe- to water molecules in the beam the gas-vapor mixture was held at a 
temperature of melting ice. 
Interpretation of the hyperfine spectrum was facilitated considerably by its 
similarity to the spectrum of the same transition in HDO. Therefore it was 
possible to identify immediately a number of the measured frequencies with 
their corresponding hyperfine transitions. For each of the remaining lines a 
choice had to be made between two or more possible transitions. To find out 
70 
Flg. 4-9. Molecular geometry of HDSe. 
which interpretation was correct use was made of a hyperfine level scheme 
as shown in Fig. 4-8. The distances between the hyperfine levels were ob­
tained from the known values of 11 transition frequencies. The values of the 
four remaining lines were compared with their corresponding values cal­
culated from the level scheme. The scheme of Fig. 4-8 was the one which 
gave the best fit. A more detailed description of the method was given by 
Verhoeven (VER 65). 
From the distances between the hyperfine levels a set of approximate values 
for the hyperfine coupling constants was calculated with the aid of Eqs. (4-1). 
For the spin-spin coupling constants the values, 
D 9 = - 0.47 kHz, and D 9 = - 0.36 kHz Δ2 z l 
were found. The values of the geometrical parameters are given in Fig. 4-9. 
The best-fit values of the coupling constants calculated by means of the least-
squares method are given in Tables 5-2 and 5-6. The frequency value of the 
'unsplit' rotational transition is 
v
o
 = 9,138,506.86 + 0.04 kHz. 
Comparison of the calculated and measured frequency values in Table 4-4 
shows that also for the spectrum of HDSe a very good fit was obtained. 
4.5 DESCRIPTION OF THE LEAST SQUARES FIT METHOD 
The hyperfine coupling constants and the unsplit rotational transition fre­
quency with their statistical errors were calculated from the centre fre-
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quencies of the spectral lines by a least-squares fit method. As in most 
cases even an approximate calculation of the relative intensities is very 
complicated, curve fitting was not applied. Because of the very high resolu­
tion of the beam maser spectrometer the number of separately observable 
lines was sufficient to obtain an overdetermined system. For description of 
the method the following symbols are used: 
α
 1 = v o · a 2 = (ecJQ)j · a 3 = (eqQ)j· 
χ τ 
Q 4 = C J T ·
 a 5 = C J V a 6 = C J T 
a 7 = C J V a 8 = D V a 9 = D J , T 
The set of approximate values which was calculated by the methods described 
in the previous section, is indicated by a, a^ an . . · etc. 
Let v,(m), V2(m),. . . v ( m ) be the independently determined values of the 
centre frequencies of η spectral lines. Their experimental errors (standard 
deviations) are given by Δν^, Δν2, . . . . Δν . Let v,(c) = v.(CL-O^. . . 
аЛ, . . . ν = ν (α,an. . .a.:) be expressions for the centre frequen­
cies in terms of the coupling constants with 
ν
η ( α Γ · Λ0 5 α 1 + fn ^ " З - · ·αΐ> ( 4 - 4 ) 
Assuming a Gaussian distribution of ν (m) with standard deviations Δν , the 
n
v
 ' η 
best set of values for the coupling constants follows from the minimum value 







The latter value and the corresponding set of values for the coupling constants 
were determined by varying a·,. . .сь between certain limits and calculating 
S for every combination of the values. 
The minimum value was then selected. For HDO, HDSe and DnO each a. was 
varied from a? - 6 kHz to a? + 6 kHz in steps down to 0.01 kHz. The calcula­
tions were carried out on an IBM 360/40digital computer and required about 
45 minutes of computation time for.each molecule. 
For the calculation of the statistical errors in the hyperfine coupling con­
stants a second method was used, which starts with the relations for the 
minimum value of Ώ 
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as.
 = 2 5;[ т ) - пЦ)] а ^ ) = o 
Эа 
Δ ν " Ott; 
(4-6) 






( т ) -
 п
( а ° ) - 2 ( ^ ) о Aaj 
Эа· α­
ϊ ι ι 
daj aj j dajda,· aj 1 =0 
(4-7) 
Because ν (m) - ν (α?) and Δα. are small and of the same order, terms with 
η n
v
 ι' ι 
Δα. .Δα- and Γ(ν (m) - ν (α. )]Δα. are neglected and expression (4-7) may be 
reduced to 
i ; Ä ° ? δ? . . "' • Ъ [v"(m) -v"(°°)] ^ (4-8) 
The best set of coupling constants follows immediately from solving the set 
of inhomogeneous linear equations 


















n ( m ) - v n ( a i ) 
S v
-n 
daj ι (4-9b) 
It must be noted here that this method can only be applied when a set of 
approximate values is available. In general the best set of values will be 
obtained in an iterative way. For each set of a. the value of 2 as given in 
(4-5) must be calculated as a check. 
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In o r d e r to find an expression for the s tat i s t ica l e r r o r s (standard 
deviations) of the coupling constants a . express ion (4-9) i s written as 
z
n
 c 1 2 
'21 





where с. . a r e the m a t r i x e lements of the inverse of the m a t r i x /a. .1. F r o m 
ι J u. I 1 J ' (4-10) and (4-9 ) it follows that each Δα. can be expressed into a l inear 
combination of the quantit ies 1 = ν (m)- ν (a. ); 
^ = Σ с,, b. = 2 ; 
IJ J Δν' 
с-
j=l i j Эа < ^ ) - 0 J a . 
(4-11) 




( 4 - l l a ) 
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F r o m (4-11) and (4-12) it is seen that Δα. can be r e p r e s e n t e d by a l inear 
combination of the random var iab les 1 . Then it can be shown (ВАС 53, WIL 
62) that Aai i s another random variable drawn from a population whose 
s tandard deviation is given by 
σ -
α
. = Ζ , x j ( a . ) Δν
η + 2 [ Р ^ / ^ + -Σ •] (4-13) 
w h e r e p . . i s the corre la t ion coefficient between 1. and 1.. F o r the present 
case it was as sumed that p. . = 0 . 
By means of express ion (4-13) the s ta t i s t ica l e r r o r s in the а. ' s w e r e ca l­
culated. The calculations of Δα. and о д
а
. were c a r r i e d out on an IBM 360/40 
digital computer and required about 3 minutes for each run. 
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CHAPTER 5 
INTERPRETATION AND DISCUSSION OF RESULTS 
5.1 INTRODUCTION 
In the third chapter the hyperfine coupling constants, which depend on the 
relevant rotational states, were expressed in terms of molecular constants. 
In this chapter it will be shown how these molecular constants were calcu­
lated. 
The electric quadrupole coupling constant is a linear combination of the 
diagonal components of the electric quadrupole coupling tensor at the 
deuteron. Calculation of these elements will be shown in section 5.2 for the 
molecules HDO, D 2 0 and HDSe. 
The spin-rotation constants are given in terms of the diagonal elements 
of a tensor describing coupling between the nuclear spins and the rotational 
angular momentum. Determination of these elements is discussed in section 
5.3 for the three isotopie molecules P^O, HDO and DoO. Values of the spin-
rotation constants of ЬЦО, which were used, have been published elsewhere 
by Bluyssen et al. (BLU 67a, VER 66, 66a). 
In the last section of this chapter the present results will be discussed 
and compared with those given by other authors. 
5.2 THE ELECTRIC QUADRUPOLE COUPLING TENSOR 
From Eq. (3-49a) it follows that the electric quadrupole coupling constant 
is expressed in terms of the diagonal elements of a symmetric second rank 
tensor, the electric quadrupole coupling tensor: 
^ab О 






W = eQD6 v/ôgôg' gg 
Herein g = a, b, с refer to the principal axes of inertia of the molecule; V is 
the potential at the deuteron due to all charges outside this nucleus, and Q
n 
is the electric quadrupole moment of the deuteron. 
The tensor components χ and X, are defined in terms of the nuclear 
and electronic coordinates for a non-rotating molecule. Reflection of these 
coordinates in the molecular plane results in a change of sign of χ and 
3C 
Xb . However, symmetry properties of the Hamiltonian (Eq.3-1) with re­
spect to this reflection, imply invariance of X and X, . Hence the tensor 
components must vanish. 
As the components X satisfy Laplace's equation, only two of them are 
independent. Assuming further that the tensor components are independent 
of the rotational states, the two values of eqQ, which follow from measure­
ments on one rotational transition, allow calculation of all three diagonal 
elements. It should be noted that this assumption implies neglect of the 
effects of rotational motion on the nuclear vibrations. In Table 5-1 the 
values of the diagonal components X are given for the molecules НЕЮ, 
D 2 0 and HDSe. 
Determination of the complete tensor is not possible in this way because 
the electric quadrupole coupling constants are expressed in terms of the 
diagonal elements only. However, assuming the electric quadrupole coupling 
tensor at the deuteron to be identical for the two isotopie molecules HDO 
and D2O, the complete tensor and by consequence its principal axes were 
determined. This assumption is based on the approximation that charge 





X a a l 1 1 " 2 ! 
27706+010 
152.31+010 
122 61 ±01,0 
Xbb'KW 
-101 51 ± 0 Θ0 
22<.6±020 
- 5 1 9 1 + 2 20 
X c c l M z l 
-175 55 ± 0 80 
-174 77 ± 0 2 2 
- 7 0 . 7 0 + 2 20 
Table 5-1. Values of the diagonal componentB of the electric quadrupole coupling tensor 
referred to the principal axes of inertia a, b, and с of the relevant molecule. Because of 
Laplace's equation X
c c
 = - ( x
a a
 + χ
 b ) . 
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that equilibrium values of the 0-H bond and the H-O-H angle were the same 
for the three isotopie molecules b^O, HDO and D2O to within 0.03%. The 
effect of variation in the zero-point vibration of the ground state caused by 
isotopie substitution was estimated by Posener (POS 60) to be smaller than 
1%. It was further assumed that the electronic ground state of the molecule 
is not influenced replacing a proton by a deuteron. 
In order to determine the complete quadrupole coupling tensor the elements 
χ 1 of D 9 0 were expressed in terms of the elements χ ι of HDO by means SS ^ So 
of the transformation: 
with 
X = D XD 
cos α sin α 
-sin α cos α ' 
(5-2) 
(5-2a) 
representing a rotation of the principal axis system of HDO about an axis 
perpendicular to the molecular plane over an angle 0= 21 8'. Then a set of 
four linear equations was obtained by means of expression (3-49a) describing 
the relationship between the tensor elements χ • of HDO and the experi­
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Table 5-2. Measured and calculated values of the electric quadrupole coupling constants of 





























Table 5-3. Values of the rotational constants of the molecules HjO. HDO, DjO, and HDSe. 
HDO 2
η 
D 2 0 3_ 2 : 
841.05 = 3.2219 X
a a
 +0.5089 X b b 
831.18 = 3.0000 X0 0 
aa 
1312.56 = 7.5091 X
a a
 + 6.5815 X b b - 0.8402 X a b 
520.49 = 2.9759 X
a a
 + 1.0864 X b b - 1.7114 X a b 
The values of<J >used for these equations were calculated from the rota­
tional constants given in Table 5-3 and are given in Table 5-4. Solution of 
the oveir-specified system gave the following set of values for the electric 
quadrupole coupling tensor referred to the principal axes of inertia of the 
HDO molecule. 
X„„ = 277.13 + 0.07 kHz XKU = - 102.36 + 0.10 kHz 









From these values the electric quadrupole coupling constants were calculated 











































Table 5-4. Average values of the square of the components of the rotational angular momentum 
operator J along the principal axes of inertia for some rotational states of the molecules 
H2O, HDO, D 2 0. and HDSe. 
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Хц.еО, g j [ =307 д и о н и н 
Xyy = eQ |^=-13313±01UHz 
Xzz=-lX„+Xyyl=-171, 78 + 0 20 kHz 
ß H ' ^ ' i l ' 
|^=151»10,sstat volt cm-í 






Table 5-5. Values of the components of the electric quadrupole coupling tensor and of the 
electric field gradient tensor at the deuteron. The principal axes x, y, ζ of the tensor are 
shown in Fig. 5-1 together with the angle β, Qj-. is the electric quadrupole moment of the 
deuteron and V is the potential at the deuteron due to all charges outside this nucleus. 
Table 5-2. Comparison with the values which weredetermined directly from 
the measurements shows a good fit. 
The electric quadrupole coupling tensor was transformed to its principal 
axes by means of a similar transformation as given by Eq. 5-2. For this 
case the principal axes of inertia system of the molecule was rotated about 
an axis perpendicular to the molecular plane over an angle 
Y = è a r c t g 2 X a b / ( X a a - X b b ) = 1 5 0 2 2 \ 
m the direction of the O-D bond. 
Values of the components of the principal tensor are given in Table 5-5 
together with the value of the angle β between the direction of the O-D bond 
and the principal χ axis of the electric· quadrupole coupling tensor (see Fig. 
5-1). The value of β was calculated from (Fig. 4-5) 
β= 90° - Φ/2 - (α + γ) . 
Finally the components of the electric field gradient tensor were calculated 
from the known value of the electric quadrupole moment of the deuteron 
-27 2 Q D = 2.82 χ 10 cm (AUF 61). These components are also given in 
Table 5-5. 
As no values of the electric quadrupole coupling constants for DjSe were 
available it was not possible to determine the complete tensor for HDSe. 
However, the results obtained for HDO and D2O justify the assumption that 
one of the principal axes of the X tensor is nearly parallel to the direction 
of the Se-D bond. As the angle between the direction of the principal a axis 
and the Se-D bond (Fig. 4-9) is only l ^ S ' it follows that 
XSe-D = X
a a
 = 122.64 kHz. 
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Fig. 5-1. Principal axes of the electric quadrupole coupling tensor at the deuteron in НЕЮ and 
D2O. The angle between the direction of the O-D bond and the principal x-axis 0=1 16'. 
5.3 THE SPIN-ROTATION COUPLING TENSOR 
From Eq. (3-49b) it follows that the spin-rotation coupling constants are 
expressed in terms of the diagonal elements of a symmetric second rank 
tensor representing coupling between the rotational angular momentum and 
the nuclear spin. According to the theory of the spin-rotation interaction for 
'S -molecules based on the rigid rotator model ( THA 64 ) these tensor 
elements are independent of the rotational state of the molecule and may 
thus be considered as molecular constants. From the expression for tensor 
elements M ^ ) given m Eqs. (3-23, 24) it follows that: 
и© = T $ A. 
gg gg g 
where A represents the rotational constants of the molecule and T^. { 
contains relative positions and velocities of the nuclei and electrons, the 
g.-factor of the K-th nucleus, and a number of physical constants. As a 
consequence tensor elements T W are invariant with respect to a trans­
lation of the reference system. 
The molecular constants M W can only be found by measuring the values ,K gg of C^ of at least three different rotational states, giving three linear equa-
tions of the type (3-49c). In case of H 9 0 , HDO. D 9 0, and HDSe only two 
К 
values of C . for each molecule were determined, so that calculation of 























- 3 2 . 7 0 + 0 20 
- 3 1 7 5 + 0 25 
-42.3β + 0 0 2 
-<.3 2 3 + 0 0 3 
- 2.07+0 01 
- 2 04 + 0 0 1 
- 2 . 6 2 + 0 01 
- 2.90+0 01 
- 2 5 . 7 4 + 0 06 








- 2 07 
- 2 0 3 
- 2.62 
- 2 91 
Table 5-6. Measured and calculated values of the spin-rotation constants for some rotational 
states of the molecules HjO, НЕЮ, DjO. For HDSe only the measured values are given. 
However, if we assume that charge distribution is similar for the three 
isotopie molecules H 9 0 ( НЕЮ and D 0 0 , tensor elements T^ 'of D o 0 can be ¿ ¿ gg λ 
expressed in those of ^ O by multiplication with a factor g D /g H = 1/6.514. 
With the same assumption tensor elements τ ' 'of HDO are obtained from 
those of H2O by rotation of the HjO reference system about an axis per­
pendicular to the molecular plane over an angle a= г Л ' . The tensor ele­
ments T¿ 'of НЕЮ are transformed by the same rotation followed by a 
reflection in the plane through the bisectrix of the angle HOH and perpendi­
cular to the molecular plane. In this way a set of eight linear equations was 
obtained from Eq. (3-49c) describing the relationship between the tensor 
elements T^ ( of ^ O and the experimental values of the spin-rotation 
constants as given in table 5-6: 
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Н 2 0 С ^ ; - 1373,40 = 1254.28 Т ^ + 2500.59 Т ^ + 9648.19 Т ^ ^ 
С^ ; - 952.50 = 2684.13 Т ^ + 9084.08 Т ^ + 1624.49 Т ^ 
о -ι 3 3 DD C C 
D 9 0 С? ; - 204.80 = 473,18 т і
Н )
 + 495.13 Т ^ + 1261,49 Т ^ ¿ à « аа bb cc 
С? ; - 109.44 = 1822.84 Т ^ + 304.91 Т ^ + 93,69 Т ^ 
Zrj 3.3. DD C C 
HDO CÍ? ; - 254.28 = 2450.06 T ( J ^ + 659.11 Т ^ + 148.53 Т ^ 
ΔΛ 3 3 DD CC 
- 1621.81 Т ^ ) 
ab 
с Р ; - 79.73 = 2453.78 Т ( Н ) + 597.82 Т ^ + 196.37 Т ( Н ) ¿У аа bb cc 
+ 1680.68 Т ^ 
С ? ; - 259.38 = 2453.78 Ί Ϋ Ρ + 597.82 Т ^ + 196.37 Т ( Н ) ¿•, аа bb cc 
- 1680.68 Т ф ) 
ab 
С ? ; - 80.90 = 2450.06 Т ( " ) + 659.11 Т ^ + 148.53 Т ( Н ) 2, аа bb cc 
+ 1621.81 Т ^ 
Herein, Т^ ) = 10 χ Т^ ] . The values of the rotational constants A and 
2 SS SS g 
of ^J >, which were used for the calculations are given in Tables 5-3 and 
5-4, respectively. Note that due to the above mentioned rotation of the co­
ordinate system off-diagonal elements T^ ( enter into the set of equations. 
Values of T;· 'and T> 'vanish because of molecular symmetry (see sect. 
5.2). Solution of the over specified system gave the following set of values: 
T ( H ) = (-0.04225 + 0.00021) χ 10" 6 
T b b ) = ( - 0 · 0 7 0 6 8 ± 0.00083) χ 10" 6 
T ( H ) = (-0.11885 + 0.00056) χ IO" 6 
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T b a ) = ( 0 · 0 5 3 4 4 ± 0.00009) χ 10" 6 
From this set the molecular constants M .^ ( and the spin-rotation constants 
of the relevant rotational states of Η,Ο, HDO and D^O were calculated 
(Tables 5-7 and 5-6). The resulting values of Cj are given in Table 5-6, 
Comparison of the calculated values with the values determined directly 
from the hyperfine spectra shows a very good fit. 
As hyperfine structure of only one rotational transition of HDSe was in­
vestigated, it was not possible to determine the diagonal elements M of 
the magnetic coupling tensor of this molecule. There is, however, a number 
of Q-type rotational transitions available in the centimeter-region of which 
the transition frequencies have been determined already by Veselago (VES 
59). Some of these transitions especially at low J values are favorable for 
investigation with the beam maser spectrometer. 
5.4 DISCUSSION OF THE RESULTS: 
The present hyperfine spectra of HDO and DjO were measured with a beam 
maser spectrometer whose resolving power was higher by a factor of 25 as 
compared to Posener's conventional microwave spectrometer (POS 57) and 
whose sensitivity was about 100 times higher than sensitivity of the beam 
maser spectrometer of Thaddeus et al. (THA 61). In consequence more accu­
rate values for the hyperfine coupling constants of the investigated molecules 
could be obtained. As follows from Tables 4-1, 4-5, 5-2, and 5-6 the ex­
perimental e r rors of the present results are smaller by a factor 50 as com­






- I D ) 
DjO-ID] 
M ^ 1 (kHz) 
- 3 5 Η ± 0 1 5 
- 5 6 β 1 ± 0 30 
- 107 + 0 01 
- 2 9 9 ± 0 0 1 
ЙДОІМІІІ 
- 3 0 6 β ± 0 30 
- β 8 0 ± 0 0 Β 
- 432 + 004 
- 236 + 002 
Й [с11 kHz) 
-32 6 β ± 0 1 6 
- 2 3 2 β ± 0 1 0 
- 3 5 7 + 0 0 2 
- 2 6 t ± 0 0 1 
Table 5-7. Values of the molecular constants M ^ ' for the proton (H) in Η,Ο and НЕЮ and for 
the deuteron (D) in DjO and НЕЮ. 
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with the quite accurate results of Thaddeus et al. for НЕЮ shows agreement 
within twice the experimental errors for the values of eqQ and С „ . The 
D 
values of С deviate about ten times the experimental e r rors given by 
Thaddeus et al. For the value of the angle β between the direction of the 
O-D bond and the principal X-axis as defined by Posener (POS 60), the 
present value of β= -1 16' + 1' is much more accurate. Moreover Posener 
erroneously attributed a wrong sign to his value of β= l 0 ? ' + l o 10' . After 
this correction all calculated quantities agree with Posener's results within 
the large experimental uncertainty of his measurements. 
Values of M^ ^for НЕЮ were calculated previously by Treacy and Beers 
(TRE 62) from less accurately known values of the spin-rotation constants 
of six different rotational states. Solution of their over-specified set of linear 
equations similar to ours Eqs. (3-49c) resulted in a very poor fit. As a 
consequence they suggested a shortcoming in the theory of the spin-rotation 
interaction. However, the present results obtained from much more accurate 
measurements suggest that theory is developed well enough and that tensor 
components м ' ( may be considered as molecular constants. Moreover, it 
must be noted that Treacy and Beers have derived from their measurements 
of the hyperfine spectra of the З^ - 3« and Sj - 5o rotational transitions 
of НЕЮ that: 
C , s Co = С- = - 46.0 + 0.3 kHz and 
ό ό2 ά3 
С- = С. = С- = - 47.3 + Q.1 kHz 
D D2 D3 
From Eq. (3 - 49b) and from the experimental results of Table 5-6 agree­
ment was found for Co, whereas C,- shows a 25% deviation suggesting an 
erroneous measurement. 
The values of the electric field gradient tensor and the spin-rotation 
coupling tensor, whose determination has been described in this thesis, are 
of importance for the investigation of electronic structure of molecules. The 
experimentally determined coupling constants may be used to test the validity 
of the calculated molecular wave functions. 
The value of the electric field gradient, which depends only on the ground-
state molecular wave function, can be compared directly with the calculated 
one. For the case of the water molecule this quantity has been calculated by 
Bersohn (BER 60) using self consistent molecular orbitals of Ellison and 
Shull (ELL 55). However, the calculated values of the principal field gradient 
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components are about twice the experimental values. The calculated value 
of the angle between the direction of the 0-D bond and the principal X-axis 
of the field gradient tensor was about 10 , which is also in sharp disagree­
ment with the experimental value of ΐ ' Ί ό ' . 
The spin-rotation coupling tensor can also be used to test the validity of 
the ground state molecular wave functions. It has been shown by Flygare 
(FLY 64a) that the so called diamagnetic shielding may be obtained from 
knowledge of the molecular structure, the diagonal components of the spin-
rotation tensor at a nucleus, and from the magnetic shielding at the same 
nucleus. The diamagnetic shielding only depends on the ground-state wave 
function of the molecule. Thus spin-rotation constants combined with mag­
netic shielding data give another sensitive probe for testing molecular wave 
functions. Magnetic shielding data can be obtained from NMR measurements 
on chemical shift (POP 59). 
Though the molecular wave functions are known for only a small number 
of simple molecules, it may be expected that molecules having a larger num­
ber of electrons will be attacked in the near future. Accurate and reliable 
values for the electric field gradient tensor and the spin-rotation tensor will 
then be of great value. The results of this thesis show that the beam maser 
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De hyperfijne structuur op de З^-З, rotatie overgang van HDO bij 10,278.25 
MHz en van HDSe bij 9,138.55 MHz en op de 3 2-29 rotatie overgang van 
D2O bij 10,919.42 MHz werd onderzocht met een beam maser spectrometer. 
Met deze microgolf spectrometer (Hoofdstuk II), die aanvankelijk gebouwd 
werd naar een voorbeeld van Thaddeus en Krisher (1961), werden hjnbreedtes 
van deorde van 1 kHz verkregen bijeen resonantie frequentie van ca. 10 GHz. 
Door de molekuulbundel te moduleren en de fasegevoelige detectie methode 
toe te passen, werd de gevoeligheid van de spectrometer met een factor 100 
verbeterd. Een systeem werd ontwikkeld om klystron en trilholte synchroon 
te verstemmen, waarbij de frequentie van het klystron fasestar gekoppeld was 
9 
aan een generator met een zeer stabiele (1 10 per dag), zeer nauwkeurig 
meetbare (10 Hz) frequentie. Op deze manier was een heel nauwkeurige 
frequentie meting mogelijk bij het opnemen van de hyperfijne spectra. 
Interpretatie van de hyperfijne spectra van 'Σ molekulen is gebaseerd op 
een Hamiltomaan, die werd afgeleid door Gunther-Mohr, Townes en Van Vleck 
(1954). Met de operator technieken van Racah werden de hyperfijn spectra 
berekend m termen van een aantal koppehngsconstanties (Hoofdstuk III) de 
elektrische quadrupool koppelingsconstante eqQ
n
, de spin-rotatie constante 
С en de spin-spin koppelingsconstante D. Uit de gemeten frequenties van de 
spectraallijnen en detheone werden waarden voor de eerste twee koppelmgs-
constantes van de betreffende rotatie energie niveaus bepaald met een nauw­
keurigheid van beter dan 0.3%. De methodes gebruikt om de spectra te ana­
lyseren en de constantes te berekenen werden beschreven in Hoofdstuk IV. 
Voor de elektrische quadrupool koppelingsconstante van het deuteron eqQ
n 
H 
en de spin-rotatie constante van het proton С in НЕЮ werden waarden ge­
vonden, die binnen twee maal de experimentele fout overeenstemden met 
Thaddeus' resultaten (1964). De waarde van С vertoonde een afwijking van 
tien maal de experimentele fout. De waarden die voor eqQ
n
 en С in D2O 
werden gevonden, waren een factor 50 nauwkeuriger dan die van Posener 
(1960). De hyperfijn koppehngsconstantes van HDSe waren nog met bekend 
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en werden hier gemeten met een nauwkeurigheid van ca. 0.3%. 
De elektrische quadrupool koppelingsconstante en de spinrotatie constante 
kunnen worden uitgedrukt in termen van de diagonaal elementen van een 
tweede rangs Cartesische tensor. Dit zijn respectievelijk de tensor voor de 
gradient van het elektrisch veld ter plaatse van het deuteron en de spin-rotatie 
tensor ter plaatse van proton of deuteron. In hoofdstuk V werd beschreven 
hoe zowel dediagonaal-als de niet diagonaal elementen van de beide tensoren 
bepaald werden uit de waarden van de betreffende koppelingsconstantes van 
de isotopische molekulen ^ О , НЕЮ en D^O. De componenten van deze 
tensoren zijn dank zij de starre rotator benadering van de theorie als mole-
kulaire constantes te beschouwen. Uit de hier beschreven metingen aan HoO, 
НЕЮ en DoO bleek dat zelfs bij de huidige grote nauwkeurigheid deze bena­
dering van de theorie in tegenstelling tot een veronderstelling van Treacy 
en Beers (1962), juist is. 
De waarden van de elektrische veld gradient tensoren van de spin-rotatie 
tensor zijn van belang voor het onderzoek naar de elektronische structuur 
van de molekulen. Met de experimenteel bepaalde constantes kan de juistheid 




De lijnvorm van een overgang in de beam maser spectrometer volgt met 
rechtstreeks uit de uitdrukking voor de overgangswaarschijnlijkheid zoals 
berekend door Gordon. Men dient rekening te houden met het feit dat bij 
Fourier Analyse van het veld, zoals dit door het molekuul in de trilholte 
gezien wordt, de fase van de component met de juiste resonantie frequentie 
van de overgang tegengesteld kan zijn aan die van de resonantie frequentie 
van de trilholte. 
J.P.GORDON, H.ZEIGER, and C.H.TOWNES, Phys.Rev. 99, 
1264 (1955) 
II 
Het gebruik van de Computer of Averaged Transients in combinatie met fase 
gevoelige detectie vergroot de praktisch bereikbare gevoeligheid van de beam 
maser spectrometer. Het is daardoor mogelijk om eventueel toestandselectie 
achterwege te laten, zodat bij interpretatie van een hyperfijn spectrum gebruik 
gemaakt kan worden van relatieve intensiteiten. 
III 
In tegenstelling tot wat Thaddeus beweert, is de 3_2-22 rotatie overgang in 
D2O even geschikt voor onderzoek met een beam maser spectrometer als de 
22-2^ rotatie overgang in HDO. 
P.THADDEUS, L.KRISHER, and J.LOUBSER, J.Chem.Phys. 40, 
257 (1964) 
IV 
De bewering van Cashion, dat de waargenomen geïnduceerde infrarood ab-
sorptie van het complex H2-A veroorzaakt wordt door een in het waterstof 
molekuul geïnduceerd dipoolmoment, is onjuist. 
J.K.CASHION, J.Chem.Phys. 45, 1656 (1966) 
V 
Het bewijs van Hochstrasser dat de door hem gegeven matrix representatie 
van de puntgroep Cjy irreducibel is, is onjuist. 
R.M.HOCHSTRASSER, "Molecular Aspects of Symmetry", W.A. 
Benjamin Inc., New York 1966, page 89. 
VI 
De e s r - s p e c t r a van het diamon van dibenzoyl methaan, gepubliceerd door 
Bauld en Brown, kunnen alleen verklaard worden door aan te nemen dat het 
proton op positie 3, het metaalion of beiden een bijdrage leveren tot het 
hyperfijn patroon. 
N.L.BALLD and M.S.BROWN, J.Am.Chem.Soc. 89, 5413 (1967) 
VII 
Dat 1,2,3 triphenylazuleen niet fotodehydrocycliseert , wordt niet ve roor -
zaakt door s t e n s c h e belemmering, zoals Kharash beweert , m a a r is een g e -
volg van de te geringe elektronen dichtheid op de or tho-atomen in aangesla-
gen toestand. 
N.KHARASH, T.G.ALSTON, H.B.RLIRIS, and W.WOLF, Chem. 
Comm. 1965, 242 
VIII 
Het geven van een teken met r ichtingaanwijzer of a r m bij het inhalen, zoals 
voorgeschreven in ar t ikel 35 van het reglement v e r k e e r s r e g e l s en v e r k e e r s -
tekens, kan op een vierbaansweg in de buurt van een geli jkvloerse kruising 
aanleiding geven tot misvers tand bij het achteropkomend sne lverkeer . Het 
verdient daarom aanbeveling dit ar t ikel te wijzigen. 
IX 
Bij de opleiding tot en de uitoefening van techmsch-wetenschappehjke beroe-
pen wordt het Engels s teeds meer , naast de moeder taa l , a ls voertaal ge -
bruikt. In de nieuwe onderwijswet i s bij de samenstel l ing van het l e e r p r o -
gramma voor scholen voor voorbereidend wetenschappelijk onderwijs met 
deze si tuatie onvoldoende rekening gehouden. 

